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Resumen

El desarrollo de sensores está ganando cada vez mayor importancia debido a la

concienciación ciudadana sobre el medio ambiente haciendo que su desarrollo sea

muy elevado en todas las disciplinas, entre las que cabe destacar, la medicina, la

bioloǵıa y la qúımica. A pesar de la existencia de estos dispositivos, este área está

aún por mejorar, ya que muchos de los materiales propuestos hasta el momento e

incluso los ya comercializados muestran importantes carencias de funcionamiento,

eficiencia e integrabilidad entre otros. Para la mejora de estos dispositivos, se han

propuesto diversas aproximaciones basadas en nanosistemas. Quizá, uno de las más

prometedoras son las nanoestructuras de punto cuántico, y en particular los semi-

conductores III-V basados en la consolidada tecnoloǵıa de los arseniuros, las cuáles

ofrecen excelentes propiedades para su uso como sensores. Además, estudios re-

cientes demuestran su gran carácter sensitivo al medio ambiente, la posibilidad de

funcionalizar la superficie para la fabricación de sensores interdisciplinares y posibi-

lididad de mejorar notablemente su eficiencia. A lo largo de esta tesis, nos centramos

en la investigación de SQD de In0.5Ga0.5As sobre substratos de GaAs(001) para el

desarrollo de sensores de humedad. La tesis abarca desde el diseño, crecimiento y

caracterización de las muestras hasta la el posterior procesado y caracterización de

los dispositivos finales.

La optimización de los parámetros de crecimiento es fundamental para conseguir

una nanoestructura con las propiedades operacionales idóneas para un fin determi-

nado. Como es bien sabido en la literatura, los parámetros de crecimiento (tempe-

ratura de crecimiento, relación de flujos del elemento del grupo V y del grupo III

(V/III), velocidad de crecimiento y tratamiento térmico después de la formación de

la capa activa) afectan directamente a las propiedades estructurales, y por tanto,

operacionales de los puntos cuánticos (QD). En esta tesis, se realiza un estudio de las

condiciones de crecimiento para el uso de In0.5Ga0.5As SQDs como sensores. Para los

parámetros relacionados con la temperatura de crecimiento de los QDs y la relacion

de flujos V/III se utilizan los estudios previamente realizados por el grupo. Mientras
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que este estudio se centrará en la importancia de la velocidad de crecimiento y en el

tratamiento térmico justo después de la nucleación de los QDs. Para ello, se establece

la temperatura de creciemiento de los QDs en 430°C y la relación de flujos V/III en

20. Como resultado, los valores más adecuados que se obtienen para la velocidad

de crecimiento y el tratamiento térmico posterior a la formación de los puntos son,

respectivamente, 0.07ML/s y la realización de una bajada y subida brusca de la

temperatura del substrato de 100°C con respecto a la temperatura de crecimiento

de los QDs. El crecimiento a una velocidad lo suficientemente alta que permita la

migración de los átomos por la superficie, pero a su vez lo suficientemente baja para

que se lleve a cabo la nucleación de los QDs; en combinación con el tratamiento

brusco de temperatura que hace que se conserve la forma y composición de los QDs,

da lugar a unos SQDs con un alto grado de homogeneidad y alta densidad superfi-

cial. Además, la caracterización posterior indica que estas nanoestructuras de gran

calidad cristalina presentan unas propiedades ópticas excelentes incluso a tempera-

tura ambiente.

Una de las caracteŕısticas por la cual los SQD de In0.5Ga0.5As se consideran

candidatos prometedores para el desarrollo de sensores es el papel decisivo que juega

la superficie por el mero hecho de estar en contacto directo con las part́ıculas del

ambiente y, por tanto, por ser capaces de interactuar con sus moléculas. Aśı pues,

con el fin de demostrar la idoneidad de este sistema para dicha finalidad, se evalúa

el impacto ambiental en las propiedades ópticas y eléctricas de las muestras. En un

primer lugar, se analiza el efecto que tiene el medio en las propiedades ópticas. Para

dicha evaluación se compara la variación de las propiedades de emisión de una capa

de puntos enterrada y una superficial en distintas condiciones externas. El resultado

que se obtiene es muy claro, los puntos enterrados no experimentan un cambio óptico

apreciable cuando se vaŕıan las condiciones del entorno; mientras que, la emisión de

los SQDs se modifica significativamente con las condiciones del medio. Por una

parte, la intensidad de emisión de los puntos superficiales desaparece en condiciones

de vaćıo y decrece notablemente en atmósferas secas de gases puros (N2, O2). Por

otra parte, la fotoluminiscencia se conserva en ambientes húmedos. Adicionalmente,

se observa que la anchura a media altura y la longitud de onda de emisión no

se ven afectadas por los cambios en el medio, lo que indica, que las propiedades

estructurales de los puntos se conservan al variar la atmósfera. Estos resultados

apuntan directamente a los procesos que tienen lugar en la superficie entre estados

confinados y superficiales como responsables principales de este comportamiento.

Aśı mismo, se ha llevado a cabo un análisis más detallado de la influencia de
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la calidad y composición de la atmósfera en las propiedades ópticas de los puntos

cuánticos superficiales. Para ello, se utilizan distintas sustancias con diferente po-

laridad, composición atómica y masa molecular. Como resultado se observa que

las moléculas de menor polaridad y más pesadas causan una mayor variación en la

intensidad de emisión. Además, se demuestra que el ox́ıgeno juega un papel decisivo

en las propiedades ópticas. En presencia de moléculas que contienen ox́ıgeno, la in-

tensidad de fotoluminiscencia disminuye menos que en atmósferas constituidas por

especies que no contienen ox́ıgeno. Las emisión que se observa respecto a la señal en

aire es del 90% y del 77%, respectivamente, en atmósferas con presencia o ausencia

de moléculas de ox́ıgeno.

El deterioro de la señal de emisión se atribuye a la presencia de defectos, enlaces

insaturados y, en general, estados localizados en la superficie. Estos estados actúan

como centros de recombinación no radiativa y, consecuentemente, se produce un

empeoramiento de las propiedades ópticas de los SQDs. Por tanto, la eliminación o

reducción de la densidad de estos estados superficiales haŕıa posible una mejora de

la intensidad de emisión. De estos experimentos de fotoluminiscencia, se deduce que

las interacciones entre las moléculas presentes en la atmósfera y la superficie de la

muestra modifican la superficie. Esta alteración superficial se traduce en un cambio

significativo en las propiedades de emisión. Este comportamiento se atribuye a la

posible adsorción de moléculas sobre la superficie pasivando los centros no radiativos,

y como consecuencia, mejorando las propiedades ópticas. Además, los resultados de-

muestran que las moléculas que contienen ox́ıgeno con mayor polaridad y más ligeras

son adsorbidas con mayor facilidad, lo que hace que la intensidad óptica sufra varia-

ciones despreciables con respecto a la emisión en aire.

Con el fin de desarrollar sensores, las muestras se procesan y los dispositivos se

caracterizan eléctricamente. El procesado consiste en dos contactos cuadrados de

una aleación de Ti/Au. Durante el procesado, lo más importante a tener en cuenta

es no realizar ningún ataque o limpieza que pueda dañar la superficie y deteriorar las

propiedades de las nanostructuras. En este apartado, se realiza un análisis completo

de una serie de tres muestras: GaAs (bulk), un pozo cuántico superficial (SQW) de

In0.5Ga0.5As y SQDs de In0.5Ga0.5As. Para ello, a cada una de las muestras se le

realizan medidas de I-V en distintas condiciones ambientales.

En primer lugar, siguiendo los resultados obtenidos ópticamente, se lleva a cabo

una comparación de la respuesta eléctrica en vaćıo y aire. A pesar de que todas

las muestras presentan un carácter más resistivo en vaćıo que en aire, se observa

una mayor influencia sobre la muestra de SQD. En vaćıo, la resistencia de los SQDs
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decrece un 99% respecto de su valor en aire, mientras que la variación de la muestras

de GaAs e In0.5Ga0.5As SQW muestran una reducción, respectivamente, del 31% y

del 20%.

En segundo lugar, se realiza una evaluación aproximada del posible efecto de

la humedad en la resistencia superficial de las muestras mediante la exhalación hu-

mana. Como resultado se obtiene, que tras la exhalación, la resistencia disminuye

bruscamente y recupera su valor inicial cuando dicho proceso concluye. Este re-

sultado preliminar indica que la humedad es un factor cŕıtico en las propiedades

eléctricas de los puntos cuánticos superficiales. Para la determinación del papel de

la humedad en la respuesta eléctrica, se somete a las muestras de SQD y SQW a am-

bientes con humedad relativa (RH, de la siglas del inglés) controlada y se analiza el

efecto sobre la conductividad superficial. Tras la variación de la RH desde 0% hasta

el 70%, se observa que la muestra SQW no cambia su comportamiento eléctrico al

variar la humedad del ambiente. Sin embargo, la respuesta de la muestra SQD define

dos regiones bien diferenciadas, una de alta sensibilidad para valores por debajo del

50% de RH, en la que la resistencia disminuye hasta en un orden de magnitud y

otra, de baja sensibilidad (>50%), donde el cambio de la resistencia es menor. Este

resultado resalta la especial relevancia no sólo de la composición sino también de la

morfoloǵıa de la nanostructura superficial en el carácter sensitivo de la muestra.

Por último, se analiza la influencia de la iluminación en la sensibilidad de la

muestra. Nuevamente, se somete a las muestras SQD y SQW a una irradiación de

luz de distinta enerǵıa y potencia a la vez que se vaŕıa controladamente la humedad

ambiental. Una vez más, se observa que la muestra SQW no presenta ninguna

variación apreciable con las alteraciones del entorno. Su resistencia superficial per-

manece prácticamente inalterable tanto al modificar la potencia de la luz incidente

como al variar la enerǵıa de la irradiación. Por el contrario, en la muestra de SQD se

obtiene una reducción la resistencia superficial de un orden de magnitud al pasar de

condiciones de oscuridad a iluminación. Con respecto a la potencia y enerǵıa de la

luz incidente, se observa que a pesar de que la muestra no experimenta variaciones

notables con la potencia de la irradiación, esta sufre cambios significativos con la

enerǵıa de la luz incidente. Cuando se ilumina con enerǵıas por encima de la enerǵıa

de la banda prohibida (gap) del GaAs (Eg ∼1.42 eV ) se produce una reducción

de la resistencia de un orden de magnitud en atmósferas húmedas, mientras que en

atmósferas secas la conductividad superficial permanece prácticamente constante.

Sin embargo, al inicidir con luz de enerǵıa menor que Eg, el efecto que se produce en

la respuesta eléctrica es despreciable. Esto se atribuye principalmente a la densidad

de portadores fotoactivados durante la irradiación. El volumen de portadores excita-
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dos depende de la enerǵıa de la luz incidente. De este modo, cuando la luz que incide

tiene enerǵıa menor que el gap, el volumen de portadores generados es pequeño y

no contribuye a la conductividad superficial. Por el contrario, cuando la enerǵıa de

la luz incidente es alta ( Eg), el volumen de portadores activados es elevado y éstos

contribuyen significantemente a la conductividad superficial. La combinación de

ambos agentes, luz y humedad, favorece el proceso de adsorción de moléculas y, por

tanto, contribuye a la reducción de la densidad de estados superficiales, dando lugar

a una modificación de la estructura electrónica y consecuentemente favoreciendo o

dificultando el transporte de portadores.
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Abstract

Uncapped three-dimensional (3D) nanostructures have been generally grown to

assess their structural quality. However, the tremendous growing importance of the

impact of the environment on life has become such nanosystems in very promising

candidates for the development of sensing devices. Their direct exposure to changes

in the local surrounding may influence their physical properties being a perfect sign

of the atmosphere quality. The goal of this thesis is the research of In0.5Ga0.5As

surface quantum dots (SQDs) on GaAs(001), covering from their growth to device

fabrication, for sensing applications. The achievement of this goal relies on the

design, growth and sample characterization, along with device fabrication and char-

acterization.

The first issue of the thesis is devoted to analyze the main growth parameters

affecting the physical properties of the In0.5Ga0.5As SQDs. It is well known that

the growing conditions (growth temperature , deposition rate, V/III flux ratio and

treatment after active layer growth) directly affect the physical properties of the epi-

layer. In this part, taking advantage of the previous results in the group regarding

In0.5Ga0.5As QD growth temperature and V/III ratio, the effect of the growth rate

and the temperature treatment after QDs growth nucleation is evaluated. Setting

the QDs growth temperature at 430°C and the V/III flux ratio to ∼20, it is found

that the most appropriate conditions rely on growing the QDs at 0.07ML/s and just

after QD nucleation, rapidly dropping and again raising 100°C the substrate temper-

ature with respect to the temperature of QD growth. The combination of growing

at a fast enough growth rate to promote molecule migration but sufficiently slow to

allow QD nucleation, together with the sharp variation of the temperature preserv-

ing their shape and composition yield to high density, homogeneous In0.5Ga0.5As

SQDs. Besides, it is also demonstrated that this high quality SQDs show excellent

optical properties even at room temperature (RT).
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One of the characteristics by which In0.5Ga0.5As/GaAs SQDs are considered

promising candidates for sensing applications is the crucial role that surface plays

when interacting with the gases constituting the atmosphere. Therefore, in an at-

tempt to develop sensing devices, the influence of the environment on the physical

properties of the samples is evaluated. By comparing the resulting photolumines-

cence (PL) of SQDs with buried QDs (BQDs), it is found that BQDs do not exhibit

any significant variation when changing the environmental conditions whereas, the

external conditions greatly act on the SQDs optical properties. On one hand, it is

evidenced that PL intensity of SQDs sharply quenches under vacuum and clearly

decreases under dry-pure gases atmospheres (N2, O2). On the other hand, it is

shown that, in water containing atmospheres, the SQDs PL intensity is maintained

with respect to that in air. Moreover, it is found that neither the full width at half

maximun nor the emission wavelength manifest any noticeable change indicating

that the QDs are not structurally altered by the external atmosphere. These results

decisively point to the processes taking place at the surface such as coupling between

confined and surface states, to be responsible of this extraordinary behavior.

A further analysis of the impact of the atmosphere composition on the optical

characteristics is conducted. A sample containing one uncapped In0.5Ga0.5As QDs

layer is exposed to different environments. Several solvents presenting different po-

larity, atomic composition and molecular mass, are used to change the atmosphere

composition. It is revealed that low polarity and heavy molecules cause a greater

variation on the PL intensity. Besides, oxygen is demonstrated to play a decisive

role on the PL response. Results indicate that in presence of oxygen-containing

molecules, the PL intensity experiments a less reduction than that suffered in pres-

ence of nonoxygen-containing molecules, 90% compared to 77% signal respect to the

emission in air. In agreement with these results, it is demonstrated that high polarity

and lighter molecules containing oxygen are more easily adsorbed, and consequently,

PL intensity is less affected.

The presence of defects, unsaturated bonds and in general localized states in the

surface are proposed to act as nonradiative recombination centers deteriorating the

PL emission of the sample. Therefore, suppression or reduction of the density of

such states may lead to an increase or, at least, conservation of the PL signal. This

research denotes that the interaction between sample surface and molecules in the

atmosphere modifies the surface characteristics altering thus the optical properties.

This is attributed to the likely adsoption of some molecules onto the surface passi-

vating the nonradiative recombination centers, and consequently, not deteriorating

the PL emission.
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Aiming for sensors development, samples are processed and electrically charac-

terized under different external conditions. Samples are processed with two square

(Ti/Au) contacts. During the processing, especial attention must be paid to the sur-

face treatment. Any process that may damage the surface such as plasma etching

or annealing must be avoided to preserve the features of the surface nanostructures.

A set of three samples: a GaAs (bulk), In0.5Ga0.5As SQDs and In0.5Ga0.5As surface

quantum well (SQW) are subjected to a throughout evaluation. I-V characteristics

are measured following the results from the optical characterization.

Firstly, the three samples are exposed to vacuum and air. Despite the three

samples exhibit a more resistive character in vacuum than in air, it is revealed a

much more clear influence of the pressure atmosphere in the SQDs sample. The sheet

resistance (Rsh) of SQDs decreases a 99% from its response value under vacuum to

its value in air, whereas Rsh of GaAs and In0.5Ga0.5As SQW reduces its value a 31%

and a 20%, respectively.

Secondly, a rough analysis of the effect of the human breath on the electrical

response evidences the enormous influence of moisture (human breath is composed

by several components but the one that overwhelms all the rest is the high concen-

tration of water vapor) on the I-V characteristics. Following this result, In0.5Ga0.5As

SQDs and In0.5Ga0.5As SQW are subjected to different controlled relative humidity

(RH) environments (from 0% to 70%) and electrically characterized. It is found

that SQW shows a nearly negligible Rsh variation when increasing the RH in the

surroundings. However, the response of SQDs to changes in the RH defines two

regions. Below 50%, high sensitive zone, Rsh of SQD decreases by more than one

order of magnitude, while above 50% the dependence of Rsh on the RH becomes

weaker. These results remark the role of the surface and denote the existence of a

finite number of surface states. Nevertheless, most significantly, they highlight the

importance not only of the material but also of the morphology.

Finally, the impact of the illumination is determined by means of irradiating the

In0.5Ga0.5As SQDs and In0.5Ga0.5As SQW samples with different energy and power

sources. Once again, SQW does not exhibit any correlation between the surface con-

ductivity and the external conditions. Rsh remains nearly unalterable independently

of the energy and power of the incident light. Conversely, Rsh of SQD experiences a

decay of one order of magnitude from dark-to-photo conditions. This is attributed

to the less density of surface states of SQW compared to that of SQDs. Additionally,

a different response of Rsh of SQD with the energy of the impinging light is found.

Illuminating with high energy light results in a Rsh reduction of one order of mag-
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nitude under humid atmospheres, whereas it remains nearly unchanged under dry

environments. On the contrary, light with energy below the bulk energy bandgap

(Eg), shows a negligible effect on the electrical properties regardless the local mois-

ture. This is related to the density of photocarriers generated while lighting up.

Illuminating with excitation energy below Eg affects a small absorption volume and

thus, a low density of photocarriers may be activated leading to an insignificant con-

tribution to the conductivity. Nonetheless, irradiating with energy above the Eg can

excite a high density of photocarriers and greatly improve the surface conductivity.

These results demonstrate that both illumination and humidity are therefore needed

for sensing. The combination of these two agents improves the surface passivation by

means of molecule adsorption reducing the density of surface states, thus modifying

the electronic structures, and consequently, promoting the carrier motion.
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aquel d́ıa que tras realizar una entrevista en la univerdad de Alcalá de Henares y
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deportivos, siempre dispuesto a llegar más lejos. Y a la recién, Dr. Gema Tabares,

siempre con una sonrisa en la boca, con la que en los últimos tiempos he compartido

mucho desde grandes paseos, risas hasta ¡desayunos!, y que se ha convertido en una

verdadera AMIGA. No puedo olvidarme de Antonio, el Utrilla de Móstoles, y nuestra
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No podŕıan faltar mis amigas, las DPS, que han estado ah́ı sacándome siempre

una sonrisilla ¡Gracias!. A Tere, mi compi de piso que me ha demostrado lo especial

y gran amiga que es, ¡ah! y gracias por planchar mi ropa ;). A mis amigos de la

universidad, y especialmente a Nacho quien, estando muy lejos, con sus consejos,

forma de analizar la vida y manera de actuar me ha ayudado mucho en mis mo-

mentos de flaqueza, y que fue el pionero de mis dos máximas: �Sin esfuerzo no hay
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Chapter 1

Introduction

The purpose of this thesis is the research of In0.5Ga0.5As/GaAs quantum dots

nanostructures from its growth to device fabrication for sensing applications. In this

chapter, firstly, the current context together with an overview to sensing devices will

be depicted. Secondly, an introduction and comparison of III-As low dimensional

nanostructures will be presented. And finally, the objectives and structure of the

thesis will be described in detail.

1.1 Towards sensing.

Nowadays, the impact of the external conditions on life is of growing importance.

Life is exposed to many agents that directly affect its nature. Different issues includ-

ing biological, chemical and atmospheric, i.e. humidity and pollution, are subjects

of intense research, not only to understand natural phenomena, but also to moni-

tor and control the quality. Although, these tasks have been generally governed by

organic materials, in the last decades inorganic semiconductor nanostructures have

started to attract a great deal of interest in developing sensor devices due to their

excellent physical properties, easy manufacturing and implementation [1].

The necessity of improving the sensing system already existing relies on the

vital importance of enhancing the effectiveness, competitiveness and reliability of

today sensors. Some of the current lacks of the present sensing devices lies on

the poor resolution and compatibility. Examples include humidity sensors which

continue suffering several shortcomings such as slow response, low accuracy and

leakage among others [2, 3].
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1. Introduction

1.2 Sensors

The world is formed by natural and artificial (human-made) objects. Life is

plenty of unknown stimuli which are desired to be understood. A device which

facilitates the translation of a stimulus into a readable signal is wanted. Such device

is known as a sensor and it can naturally exist, for instance, in a living organism,

or be human-made for a certain aim.

1.2.1 Definition, description and classification

A sensor is usually defined as a device which translates a stimulus into a readable

signal. Assuming a sensor as a black box (see fig. 1.1), incoming stimuli in such

cavity give rise to an output signal. A stimulus is identified with the property, quan-

Figure 1.1: Schematic of a sensor operation.

tity or condition that is received and converted into an output. Thereafter, a more

precise sensor definition can be phrased as “a sensor is a device that receives stimuli

and responds with a measurable signal”, where measurable means a signal that can

be channeled, amplified, and modified by electronic devices [1]. It is noteworthy

that such device not only transforms an input into a signal, but also monitors the

output.

To compute the relationship between the input and the output, a mathematical

function is required. This is the so-called transfer function which represents the

relation between the unknown stimulus (s) and the measured electrical signal (S)

S = f(s) (1.1)

To determine the input (s)

s = f−1(S) (1.2)

This last relation illustrates the link between the output and the input.

Many approximations mainly divided into linear and nonlinear functions can be

found for transfer function computation. These approximations relate the output-

input with sensor characteristics like, for example, the sensitivity. The sensitivity of
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1.2. Sensors

a sensor is defined as the variation of the resulting signal at different points of the

stimuli, mathematically written as:

bi(si) =
dS(si)

ds
' ∆Si

∆si
(1.3)

If the transfer function is linear, the sensitivity is a fixed number given by the slope.

Nevertheless, if the transfer function is nonlinear, the sensitivity exhibits different

values at the distinct points of the input.

The primary characteristics of a sensor are the linearity, sensitivity, selectivity

and response time. The former refers to the true correspondence of the obtained sig-

nal with the stimuli. Besides, a short response time together with a high sensitivity

and selectivity are of major importance for the development of an efficient sensor.

Sensors can be classified attending to different criteria. Regarding, for exam-

ple, the need of an external excitation, sensors are grouped in active or passive.

The latter directly generates a signal from a stimulus, whereas, the former requires

further additional energy. With regard to sensor properties, many groups can be

distinguished. Table (1.1) show some of these groups

Property concerned Types of sensor

Nature of the sensor organic, inorganic...
Property sensed chemical, gas, optical, acoustic...
Detection means Biological, electrical...

Table 1.1: Some examples of sensor classification concerning one of the sensor´s prop-
erty.

Materials of different nature have been proposed as suitable sensors for many dis-

ciplines. The development of sensors based on semiconductors technology, though,

has been relatively slow. Nonetheless, in view of the great properties that these

technology offers for sensing applications together with the growing importance of

the impact of the environment and the diagnosis improvement, it is expected that

sensors based on semiconductors will become more important and they will expand

greatly in the near future.

1.2.2 Humidity sensors.

Humidity sensors have gained increasing interest for both industrial and domestic

applications. Determination of the humidity is of especial importance for the opera-

tion of certain equipments belonging to distinct fields including medical, agriculture,

and general industry.
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Humidity is a magnitude accounting for the amount of water vapor present in

a gas. It can be determined as an absolute or a relative value. The former refers

to the mass of water per volume of wet gas (dw = m/v). The relative humidity,

though, represents the ratio of the present water vapor pressure to the maximum of

saturation pressure at a certain temperature

RH(%) =
Pw

Ps
100 (1.4)

with Pw and Ps the present water vapor and maximum saturation pressure, respec-

tively [1].

In an attempt to fabricate a relative humidity sensor, any material showing a

physical effect that relates to the concentration of water molecules and obeying the

requirements can be used. The main characteristics of a humidity sensor are the

sensitivity, the response time, the stability, selectivity and term-operation. Ceramic,

semiconductor and organic polymers have been set forth as candidates for such aim.

Semiconductors-based sensor has shown a higher sensitivity over the two others [4].

Oxide-semiconducting alloys (i.e. SnO2, ZnO and In2O3) are usually suggested as

good candidates for moisture sensing, however, many others including porous Si,

graphene and carbon QDs have been recently reported to be also well-suited as

humidity sensors [5–7].

The primary operational principle of humidity sensors relates to the measure-

ment of the variation of a physical properties upon changing the moisture conditions

in the surrounding. According to this, humidity sensors may be classified in me-

chanical, resistive and capacitive.

Mechanical humidity sensors

These are one of the oldest humidity sensors. They are generally known as

hair tensile transducers and their operational basic is the tensile deformation upon

changes in the water concentration in the local surrounding. The hair may be

from a nylon fiber, human, or animal. By stretching the hair between two points,

the changes in the deformation can be converted into a readable signal by any

appropriate force sensor [1].

Although, they are still in use, they show some shortcomings including slow re-

sponse time and low accuracy (>5%) [8].
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1.2. Sensors

Resistive humidity sensors

The basis of a resistive humidity sensor or hygristor relies on the dependence of

the resistance of certain materials on the moisture. The moisture-sensing material,

which has low resistivity, is deposited on top of the two interdigitized electrodes.

Subsequent to water absorption in the upper layer, the resistivity between the elec-

trodes changes and therefore, the relative humidity may be determined. Despite

these sensors are generally fabricated on ceramics many other materials such as solid

polyeloctrolytes and silicon have been also proposed as well-suited candidates [1].

These sensors present an improved working features compared to that of the hair

tensile transducers. However, they still have some deficiencies regarding the water

resistance and thus, the material leaking in high humidity region. Besides, this also

makes difficult the moisture determination in a low humidity region, below 30% [3]

Capacitive humidity sensors

Capacitive humidity sensors are based on measuring the variations of the elec-

trical permitivity due to humidity in the atmosphere. Thus, in this case the space

between capacitor plates is filled with an isolator whose dielectric constant changes

significantly upon changing in the humidity. The resolution of moisture for the use

of capacitors sensors may be achieved better accuracy in the range of 5 to 90% RH.

Nonetheless, they show some lacks including the slow response(> 30s), low accuracy

(> ± 2%RH) and substantial long-term drift [2].

Since, the existing humidity sensor present some lacks that are needed to be

overcome to develop more accurate and reliable humidity sensors, new approaches

for sensing devices are required. Despite the fact that little is published about the use

of III-As low-dimensional surface heterostructures, their suggested high sensitivity

to external conditions, in particular such of the 3-dimensional ones along with the

excellent properties that this system offers, makes them very attractive for humidity

sensor applications.

1.2.3 Materials for sensing applications

In the last decades, many well-suited approximations have been proposed as basic

elements to conform interdisciplinary sensors. Particular attention is being paid to

nanocrystalline semiconductor materials showing quantum-size effects on their basic

physical properties such as optical, electrical and magnetic. Reducing the particle

size increases the contribution of the surface over the bulk, which accounts for the
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high reactivity of such materials to system alterations.

Some noteworthy examples of the different low-dimensional semiconductor sys-

tems used for sensing applications are, among others, colloidal II-VI QD solutions,

II-oxide nanostructures and immobile III-V semiconductor QDs.

Colloidal QDs have been intensively investigated for application as biological

markers and sensors [9–12]. These aqueous solutions show many advantages over

the traditional employed molecules. For example, CdSe coated with ZnS exhibits a

narrower emission and broader absorption spectra compared to that of traditional

fluorescent molecules. However, these solutions still present some challenges, among

them: their less-accessibility to some applications, their low stability and their diffi-

culty of integration in a device [13,14]. Integrating such systems have caused many

extensive research activity. Some of the strategies comprises the design of an hybrid

structured consisting of a surface bonded colloidal QD combined with buried self-

assembled QDs [15, 16]. The colloidal nanocrystal would act as sensing agents and

the buried QDs would process the sensed information. Despite that great approach,

further understanding and development of the correlation between both colloidal

and buried QDs is still required.

Oxide-based low dimensional semiconductor have been also suggested as promis-

ing for sensor applications [17, 18]. The reduction-oxidation (REDOX) reactions

taking place at the surface when this is modified, and consequently, the variations

of the surface carrier density accounting for any alteration in the local conditions,

makes this self-powered nanosystem very attractive for active sensors [19,20]. One-

dimensional ZnO nanostructures have been considered to be extremely sensitive and

fast responsive materials due to the large surface-to-volume ratio. However, there is

still some aspects lacking including integrability and nanowire fabrication [21].

The demonstration of such outstanding properties of immobile III-V low dimen-

sional nanostructures together with the likely modification of their physical prop-

erties when altering the environment, make these nanostructure very attractive as

a basic element for sensing. Particularly, III-As QDs directly exposed to air ex-

hibit an optical and electronic behavior very sensitive to fluctuation in the surface

potential [22–25]. These nanostructures show many advantages over others in the

high-speed operation, wide-range wavelength tuning via bandgap engineering, and

the most important the high mature arsenide technology along with the excellent

integration capability and device development. Despite to that, there are some

remaining challenges such as the improvement of the physical properties and, there-

fore, enhancement of the sensitivity and, enrichment of their biocompatibility for

biosensor applications. Different approaches can be found to overcome such limita-
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1.3. III-As low-dimensional nanostructures

tions. In 2006, Liang et al. proposed stacking of several QDs layers underneath the

uncovered one to act as carrier reservoir. The injecting carries from these layers to

the SQDs could lead to an improvement of the physical properties [14].

The excellent physical properties that these immobile III-As semiconductors offer

along with the feasibility of overcoming their operational limitation become III-As

SQDs promising candidates for sensing application, from biological, which may be

better than colloidal QDs [14, 26], to chemical sensing agents including gas and

humidity sensors.

1.3 III-As low-dimensional nanostructures

During the 1970s, the implementation of new materials mainly relied on the most

basic heterostructure, the quantum well (QW). This 2-dimensional heterostructure

consists of a thin layer, with a certain energy bandgap, embedded between two other

layers of distinct material with larger bandgap. To show quantum confinement ef-

fects, the thickness of the QW must be less or, at maximum, of the order of the de

Broglie wavelength of the charge carriers in the semiconductor (∼ 10 nm). These

2D-nanostructures have restricted the carrier motion in the out-plane (perpendicular

to growth direction) due to their associated potential in this direction. One of the

first QWs superlattice, GaP0.3As0.7, was grown by Alferov in 1970 [27]. Some years

later, Chang et al. reported a clear demonstration of size quantization effects in a

lattice-matched systems formed by several layers of GaAs/AlGaAs [28]. However,

the incorporation of these low-dimensional structures as the active layer in the de-

vice took a bit longer. It was in 1982 when Y. Arakawa and H. Sakaki proposed the

inclusion of QWs as the active layer in lasers [29] likely due to the great advantages

that these 2D-thin films offer, including wavelength emission tuning by merely mod-

ifying the QW wide and the possibility of improving the threshold current [30, 31].

They found a less temperature sensitivity than that of conventional lasers (double

heterostructure lasers [32, 33]) ascribed to the reduced dimensionality of electronic

states. In the same work, Arakawa et al. also suggested the possibility of improving

the lasers performance by using three-dimensional (3D) confinement structures in

the active layer [29].

1.3.1 Size quantization effects. Impact on the physical properties

of low-dimensional structures.

In an attempt to improve characteristics of the devices, further reduction of the

dimensionality caused a great interest in the Research Community. The fact of
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1. Introduction

diminishing the dimension of the structure in a large number of directions evolves to

important changes in the confining potential as well as in the electron confinement

energy and thus, in the density of states (N(E)). The restriction of the carrier motion

in the confined directions leads to important variations in the N(E).

In a semiconductor, the envelope wavefunction approximation is used to describe

the quantum confinement effects as a consequence of size structure reduction in low-

dimensional structures such as QW, quantum wire (QWr) or quantum dot (QD).

The electron envelope wavefunction (ψ(r)) results from the Schrödinger equation

Hψ(r) = Eψ(r) (1.5)

where the Hamiltonian is given as:

H = − h̄2

2m∗e
∇2 + V (r) (1.6)

in which V (r) is the confinement potential of the nanostructure which is supposed to

be infinitely deep. The electron energy is calculated as the eigenvalues of the electron

wavefunction. It depends on the direction and on the existence of a confinement

potential along such direction. For any direction, i, with a thickness of Li in which

confining exists, the electron confinement energy is:

Ei =
π2h̄2n2i
2m∗eL

2
i

(1.7)

being ni the different confinement energy levels within the structure. In case of

non-confining in any direction, j, the resulting electron energy reads:

Ej =
h̄2k2j
2m∗e

(1.8)

with kj the wave vector.

The density of states is thus defined as the number of states per energy per

volume (bulk), surface (QW) or length (QWr) given as:

Nbulk(E) ∝ E1/2, NQW (E) ∝ E0 and NQWr(E) ∝ E−1/2, (1.9)

respectively. In the case of QDs the confinement occurs in all three directions, and

the N(E) is given as a sum of the δ-like function in every n position,

NQD(E) =
∑

δ(E − En) (1.10)
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1.3. III-As low-dimensional nanostructures

Figure 1.2: Density of states as a function of the different degrees of confinement.
Taken from [34].

The mentioned dependence of N(E) on the confinement degree can be imme-

diately appreciated in figure 1.2. The N(E) changes from a continuum (bulk) to

discrete energy levels with a step-like profile (QW) by confining in one direction.

Further confining gives rise to a δ-like distribution indicating that the energy is

quantized in all three dimensions.

The incorporation of QDs in semiconductor technology opened up the possibility

of improving the efficiency and the operation field of the devices already fabricated

and gave the opportunity to exciting novel devices such as single electron transistor

[35] and quantum dot lasers [36]. This incursion enabled new concepts and systems

for many different issues of our society.

More recently, due to their extraordinary and potential properties addressed to

the high surface-to-volume ratio and surface effects [22,25], QDs have been proposed

as promising candidates for the development of interdisciplinary sensing devices [37].

1.3.2 Quantum Dots Heterostructure.

Many methods have been proposed for QD heterostructures fabrication as il-

lustrated in figure 1.3. The first elaboration of QDs was performed by nano-size

semiconductor inclusion in a glass (fig. 1.3a). Although this solution was available

commercially as color filters, the electronically isolating matrix blocks the electric

injection and the possibility of using as electronic and optoelectronic devices [38].
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One of the alternatives was the use of artificial patterning using lithographic tech-

niques followed by etching (see fig. 1.3b) [39,40]. These QDs fabrication techniques

exhibited several disadvantages such as contamination and crystal damage among

others [41]. With the advent of the two advanced and potential epitaxial deposition

techniques (MBE and MOCVD), self organized growth of QDs (fig. 1.3c) rose as a

novel approximation to grow high quality nanostructures. It was in 1992 when the

first 3D-structure free of defects was grown by D. Leonard [42].

(a)

(b)

(c)

Figure 1.3: Different approaches for QDs fabrication. (a) Colloidal solution. (b)
Artificial patterning of thin films. (c) Self-assembled growth. From figure 1.3 of [43]

Self assembled growth mode was proposed by its authors as a strategy for

dislocation-free islands formation in heteroepitaxial ionic crystal [44]. However,

using epitaxial techniques for QDs synthesis does not always result in 3D-island

formation. There are different ways of nucleation mainly dependent on the lattice

coupling between the layers and the nature of such layers. Despite of that, self or-

ganized QDs growth become in an almost standard QD nucleation mode especially

for III-V semiconductors.

Figure 1.4 shows the dependence of the energy bandgap on the lattice constant

for some of the most common III-V alloys. Regarding to the lattice-matching, there
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1.3. III-As low-dimensional nanostructures

Figure 1.4: Bandgap energy as a function of the lattice constant for III-V semicon-
ductors. From [45].

are three well-known growth modes: Frank van der Merwe, Sranski-Krastanow and

Volmer-Weber, which are loosen known as layer-by-layer (2D), layer-by-layer plus

island formation and island growth (3D), respectively (see figure 1.5). The adop-

Figure 1.5: Schematic of the three known growth modes for heterostructure growth
using epitaxial deposition techniques.

tion of the growth mode concerns to both, the lattice mismatch and the interfacial

free-energy. In a lattice-matched system with low interface energy (γ12) and epilayer

surface energy (σ2), a layer-by-layer growth comes out (γ12+σ2 < σ1, the substrate

surface energy). However, high interface energy and high epilayer surface energy

provide island formation. Thus, changes in γ12 + σ2 can drive to transition from
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Frank van der Merwe to Volmer-Weber growth. In a lattice-mismatched system the

usual growth mode is Stranski-Krastanov (S-K). In a system with small interface

energy but large lattice-mismatch, the growth starts layer-by-layer, but the strain

accumulation gives rise to islands formation to lower the strain energy in the in-

terface. Generally, this island formation is referred as self-assembled QD growth

mode. Thus, the resulting heterostructure grown by S-K mode comprises two faces:

a 2D-layer known as wetting layer (WL) and 3D features, quantum dots (QDs).

A new research area based on the growth of high crystalline quality QDs for

the development of novel devices emerges thanks to the self assembled QDs growth

mode and the exceptional properties that the epitaxial growth offers in the perfect

control over composition and deposited material.

1.3.3 InGaAs Heterostructures.

InGaAs heterostructure comes out from the alloying of two binaries semiconduc-

tors, InAs and GaAs. As previously stated, and as it can be inferred from figure

1.4, these semiconductors show a lattice-mismatch of ∼7%, making difficult the

layer-by-layer growth. Consequently, the InGaAs/GaAs epilayer growth will show

a mismatch determined by the molar fraction of each binary compound in the al-

loy. Thereafter, due to this misfit, dislocations arise in the system and, at a certain

deposited thickness the layer relax itself by deteriorating the 2D growth [46]. This

width is known as critical thickness (dc) above which, 3D formation takes place.

In 1994, Kirstaedter et al. first reported an operating laser based on InGaAs/GaAs

QDs at low temperature (77 K). Since this demonstration, a huge research effort has

been devoted to both, understanding and controlling the QDs growth and device de-

velopment, yielding to excellent results [47–49].

InGaAs QDs were generally buried, embedded into wider bandgap materials,

with the aim of developing lasers [49], infrared photodetectors [50, 51], LEDs [52],

and even solar cells [53]. Their great potential and exceptional optical properties

make this system very suitable for such applications. Besides, InGaAs QDs have

been also proposed for telecom applications. Previous studies in the group showed

the possibility of nitrogen incorporation into In0.5Ga0.5As QD shifting the emis-

sion to larger wavelengths close to the one of modern telecommunication systems

operation [54]. Moreover, it was reported a further redshift to 1.55 µm at low tem-

perature by incorporating a 4% of nitrogen and emission at room temperature (RT)

of InGaAsN(Sb)/GaAs at 1.4 µm [55].

Although, many studies of self-assembled buried QDs (BQD) can be found in

the literature, relatively little is known about their surface counterparts.
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It is a general trend the growth of a surface QD (SQD) layer to assess QD struc-

tural characterization assuming that both, uncapped and capped QDs present the

same morphological properties. However, in the last years, the idea of verifying this

assumption stimulated a high level of research and many works have been reported

demonstrating significant divergences of shape [56–59], composition [60] and strain

state [58,61] between buried and unburied structures. Factors such as, the existence

of a capping layer, the miscibility of elements from wetting layer to dot or from

capping layer to dot and vice versa, strongly alter the QDs morphological features

and strain state. SQDs are usually larger than BQDs [56, 57] and are subjected to

less stress due to the merely absence of a capping layer [22,58].

SQDs were commonly grown for structural characterization, nonetheless, far less

attention was paid to their physical properties. In 1998, Saito et al. reported a bright

photoluminescence of uncapped QDs even at RT [22], and no much later, other au-

thors proposed such systems as excellent candidates for sensing devices [9, 25, 62],

opening up in that way a new area of research for QD heterostructures. Uncapped

QDs own interesting properties such as large size (higher surface-to-volume ratio),

lower strain, zero-dimension confinement (increased sensitivity to minimum fluctu-

ation of the external potential [63]), and the most importantly, the direct exposure

to the environment. Taking into account all these properties, these surface nanos-

tructures become very attractive for sensing applications [14,62,64].

1.4 Objectives of the thesis

The main objective of this thesis is the design, study and development of In0.5Ga0.5As

SQDs on GaAs(100) for the development of humidity sensors. This thesis work com-

piles all the stages from the growth to device fabrication. Their achievement relies on

three sub-goals related to (i) epitaxial growth and characterization of In0.5Ga0.5As

QD nanostructures, (ii) epitaxial growth and characterization of In0.5Ga0.5As sur-

face QDs, and (iii) design, growth, fabrication and characterization of the sensors.

Epitaxial growth and characterization of In0.5Ga0.5As QD nanostruc-

tures.

The first stage of the thesis is the epitaxial growth and characterization of the

In0.5Ga0.5As QD heterostructures. A comparison of the optical and structural prop-

erties of QDs capped with a GaAs capping layer and an uncapped QDs will be

conducted. Samples will be grown by solid-source MBE and optically character-
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1. Introduction

ized by means of photoluminescence measurements. Structural characterization will

be performed using atomic force microscopy (AFM) in case of surface QDs and

transmission electron microscopy (TEM) in case of buried QDs. The latter will be

conducted in Paul Drude Institute, Berlin, during a 4 months research stay surper-

vised by Dr. Achim Trampert.

Epitaxial growth and characterization of In0.5Ga0.5As surface QDs for

sensing applications.

In an attempt to develop a humidity sensor based on In0.5Ga0.5As SQDs, a detail

analysis of the design and growth conditions will be performed. The determination

of the suitability of these nanosystem for sensing applications will be carried out via

photoluminescence measurements under different environmental conditions.

Design, growth, fabrication and characterization of the sensors.

The sensor will be designed taking into account the optical results. It is worth-

while mentioning that since samples are expected to have a very sensitive surface,

the processing for device fabrication must not damage the surface of the sample.

Processing will be conducted using photolithography and metalization techniques

without any plasma or annealing treatment. Finally, sensors will be electrically

characterized using a probe station and a parameter analyzer.

1.5 Structure of the thesis

Chapters 2 and 3 summarize some basic aspects of the theory and the experimen-

tal techniques for result comprehension and experimental performance, respectively.

The former is based on the description of the fundamental theoretical aspects needed

for the understanding and interpretation of the experimental findings. Especial effort

has been dedicated to the comprehension of the impact of the surface-air interface in

the physical properties of the uncapped nanostructure. Chapter 3 essentially con-

centrates on the techniques employed for epitaxial growth, optical and structural

characterization of the nanostructure together with the processing and devices char-

acterization.

Chapter 4 shows the difficulties and strategies for sample growth. A discussion

about the different parameters involved in the nanostructure features and, conse-
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1.5. Structure of the thesis

quently, in the physical properties is disclosed in detailed. To facilitate the task of

optimizing the growth, we take advantage of previous studies in the group basically

focused on InGaAs growth and characterization [46,54].

Chapter 5 and 6 show the most important and remarkable results of this research

work. Chapter 5 exhibits the optical properties of the low-dimensional heterostruc-

ture under different external conditions. This chapter is organized in three sections,

the first and second one show a comparison of the optical response of BQDs and

SQDs to, respectively, temperature and external conditions; and the third section

addresses the atmosphere quality influence on the optical properties of uncapped

In0.5Ga0.5As QDs.

Chapter 6 illustrates the impact of the environment on the device I-V charac-

teristics and, it further demonstrates the well-suitability of this In0.5Ga0.5As QDs

nanosystem for the development of humidity sensors. The chapter reports the im-

pact of the relative humidity and illumination on the electrical response of the device.

Finally, chapter 7 summarizes the most relevant conclusions resulting from this

research and proposes some lines for future work.
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Chapter 2

Fundamentals of surface physics

This chapter introduces a brief summary of the main physical principles required

for the comprehension of the processes undergoing at the surface. The direct expo-

sure of the active nanostructure to the environment may provide novel and unknown

physical properties to the system. Understanding the new physics arisen from such

event is of great challenge and much research is being done.

Surface formation causes many deviations from the bulk structure. The loss of

the 3D periodicity, the less stability, the dissimilar carrier distribution among others,

make more complex the study and the knowledge of the surface physics. Nonethe-

less, all these new events procure surface nanostructure with unique properties and

attractive features for the design and development of new devices based on surface

nanostructures and thus, on surface physical processes.

2.1 From bulk to surface.

2.1.1 Free and Nearly Free Electron Model.

The free electron model in which valence electrons become conduction electrons

and are able to freely move through the volume of the metal is a good approximation

for understanding and determining metal properties. However, this model fails in

solving the physical properties of other types of materials including semimetals,

insulators and semiconductors. One of the primary distinctions between metal and

insulators/semiconductors is the difference in the energy bands. The former exhibits

a continuous energy spectrum whereas, the two latter present two energy bands

separated by a forbidden region called bandgap, as it is depicted in figure 2.1.

Deep in a crystal, the free electron model can be used. In this case, the electrons

are subjected to a time-independent and periodic potential, and surface effects in ad-
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2. Fundamentals of surface physics

(a) (b)

Figure 2.1: (a) Energy profile of a free electron. (b) Energy profile of an electron in
a monoatomic linear lattice of lattice constant a. From [65]

dition with possible interactions with surface can be neglected. Solving Schrödinger

equation 1.5, the resulting wave function and energy states are given as

ψk(r) = exp(ik r) (2.1)

and

E =
h̄2k2

2m
(2.2)

a parabolic profile as illustrated in figure 2.1a, being k a vector of the reciprocal

lattice and m the electron mass.

Wave propagation in a crystal suffers perturbation from lattice interactions

though. The nearly free electron model which considers weakly perturbed electrons

is well-suited to explain the band structure of a crystal. It is well known that Bragg

reflexion is a characteristic feature for wave propagation in a crystal. At Bragg re-

flection positions, there are no solutions for the Schrödinger equation giving rise to

a forbidden range of energy values and therefore, energy gaps. The first reflections

occur at k = ±π

a
, the so-called first Brillouin zone.

Nonetheless, the most critical divergences come up when taking into account

surface effects. Two major differences arise when comparing a bulk with a surface:

lost of the translational symmetry and the surface structure. Surface comes out

from truncating the bulk, thus, even in an ideal case, the all direction translational

symmetry in the volume disappears. Such symmetry is maintained along directions

within the plane of the surface, but in direction perpendicular to the surface, the

periodicity is broken down and the mathematical formalism is more complicated.

Even more severe, is the surface structure which is still being solved. The merely fact

of the possible chemical bonding near the surface causing surface reconstructions and

relaxations makes difficult to determine exactly the atoms positions (coordinates),
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2.1. From bulk to surface.

complicating the complete calculation of the electronic structure.

Among all the diverse approximations proposed to define the electronic structure

of surfaces, one of them is the simple-model based on a Semi-Infinite Chain in the

Nearly-Free Electron Model [66].

2.1.2 Semi-Infinite Chain in the Nearly-Free Electron Model. Sur-

face states calculation.

This method assumes an ideal 2D periodicity in the in-plane direction and cal-

culates the one-electron plane-wave Bloch function , φss, for coordinates parallel to

the surface r‖=(x,y).

φss(r‖, z) = uk‖(r‖, z)exp(ik‖ r‖) (2.3)

where k‖=(kx, ky) and uk‖ has the same periodicity than the surface.

The simplest model of representing a surface is to terminate the infinite chain

(potential) in the bulk. The end of this chain corresponds to the surface. A cosine

potential (eq.2.4) is assumed along the chain and surface is modelled by an abrupt

step of V = V0 (see fig.2.2). Despite the simplicity of this model and the diver-

gences from the reality, this approximation is of great utility to derive the essential

properties of the surface states.

V (z) = 2V̂ cos

(
2πz

a

)
, for z < 0 (2.4)

Figure 2.2: Surface state wave function considering the semi-infinite chain approxi-
mation model. From [66].
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2. Fundamentals of surface physics

Solving the Schrödinger equation

Hψ(z) = Eψ(z) (2.5)

being the Hamiltonian

H = − h̄2

2m

d2

dz2
+ V (z) (2.6)

with V(z) from equation 2.4.

To facilitate its resolution, two different regions are distinguished: �deep inside

the crystal� and �near the surface�.

The region �deep inside the crystal� can be assumed as a bulk with an infinite

periodic potential V (z) = V (z+na) and, therefore, surface effects can be neglected.

Far from the Brillouin zone (k⊥ = ±π
a

), the free electron model is valid and the

energy follows a free electron parabola profile (fig.2.1a, eq.2.2) and the electronic

states have plane-wave character (eq. 2.1). Nonetheless, near to the Brillouin edge

zone, bands split giving rise to a forbidden energy bands. Electron are scattered

from k⊥ =
π

a
to k⊥ = −π

a
(see fig. 2.1b).

The derived wave function is

ψ(z) = A exp(ik⊥z) +B exp i

[
k⊥ −

2π

a

]
z (2.7)

Hence, solving Schrödinger equation in the edge of Brillouin zone with k⊥ = κ+
π

a
,

the energy takes the following form

E =
h̄2

2m

(π
a

+ κ
)2
± |V̂ |

−h̄2πκ
ma|V̂ |

±

√√√√( h̄2πκ

ma|V̂ |

)2

+ 1

 (2.8)

implying that the forbidden energy band corresponds to 2|V̂ |.

Conversely, the approach �near the surface� shows major difficulties. The solu-

tion for the energy will be composed of two contributions, one part from the deep

inside the crystal and the other part corresponding to a constant potential Evac =

V0. It is noteworthy that both parts must match at the surface z=0. Considering

the real part of the solution valid if incoming and reflected waves show superposition.

The wave function is defined as

ψ0 = D exp

[
−
√

2m

h̄2
(V0 − E)z

]
, E < V0 (2.9)
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2.2. Surface states and surface processes.

and the spatial wave function, ψi for deep regions inside the crystal is given as

ψi = C exp(iκz)

exp(iπz/a) +
|V̂ |
V

−h̄2πκ
ma|V̂ |

±

√√√√( h̄2πκ

ma|V̂ |

)2

+ 1

 exp(−iπz/a)


(2.10)

Further possible surface solutions stem from accounting also the complex part: κ =

−iq. Then, solving equation 2.8 with the matching conditions ψ0(z = 0) = αψi(z =

0, κ) + βψi(z = 0,−κ), the obtained energy follows

E =
h̄2

2m

[(π
a

)2
− q2

]
± |V̂ |

√√√√1−

(
h̄2πq

ma|V̂ |

)2

(2.11)

The E values are real and divergences of ψ do not exist if 0 < q < ma|V̂ |h̄2π. In

this range, all the outcoming energies fall into the forbidden energy band. Therefore,

the electronic surface states are located in the prohibited band near to the surface.

Electrons in the surface states are, thus, localized.

2.2 Surface states and surface processes.

Surfaces states arisen from the termination of a bulk crystal were first proposed

by Tamm [67] in 1932 and some years later discussed in detail by Bardeen [68].

Surface formation is a stressful event consisting in breaking bonds of atoms at the

surface and thus, giving rise to surface atoms with fewer neighbors than the bulk

ones. This situation entails the surface atoms to have a higher energy configuration

compared to the one of their counterparts in the volume. Such unstable arrangement

is mainly governed by the high energy-entities which stem from unsaturated bonds,

the so-called dangling bonds [69, 70].

Therefore, surface states are defined as spatially located electronic states in the

midgap that characterize semiconductor surfaces. The existence of such traced states

plays a defining role in determining the surface and structure of the semiconductor

and consequently, in its electronic properties. Regarding to the origin of these states,

they can be classified in intrinsic or extrinsic.

Intrinsic

Intrinsic surface states, also known as true surface states, emerge from the devi-

ation of considering an ideal crystal, and thus, such electronic states are naturally
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2. Fundamentals of surface physics

solutions to the Schrödinger equation (eq. 2.5) by imposing the matching conditions.

These are not degenerated and they are located in the forbidden band presenting

hardly any interaction with bulk states. Since the topmost surface atoms show

missing bonds, their wave functions less overlap with the one of neighboring atoms.

Surface states arisen from relaxation and reconstruction processes, crystal dis-

continuities and imperfections are included in this group.

Extrinsic

Extrinsic states, though, are related with perturbations to the ideal surface and

come forth an external material. The incoming of a foreign adsorbate to the crystal

may cause a lattice twist generating new states.

Some examples of extrinsic electronic states include the one arisen from the na-

tive oxide layer, from defects and from a missing surface atom (vacant).

Surface states characteristics depend, among others, on the substrate orienta-

tion and on the semiconductor material. Assuming a neutral semiconductor, where

the valence band is occupied and the conduction band is empty, surface states may

present positive or negative charge. When the conduction band is occupied, it

charges negatively. On contrary, if the valence band loses an electron it turns posi-

tively charged. These two different surface states are respectively named as acceptor-

like and donor-like. According to the Brattain and Bardeen´s work, a donor-like

surface state lies high in the forbidden band, whereas an acceptor-like one is located

close to the valence band [71]. In case of III-V semiconductors and, in particular, in

GaAs, surface-states arisen from a dangling bond corresponding to Ga are negatively

charged, thus Ga derives acceptor-like states. A missing As atom in the structure

charges positively the surface, therefore, As derives donor-like states.

2.2.1 Surface processes.

Acquiring a more stable situation of the surface relies on relaxation processes

like, for example, surface reconstructions and adsorption. The former refers to

the new periodic disposition that surface atoms procure after surface formation.

Adsorption, though, is a physical process involving physicochemical adhesions of

new atoms or molecules that could passivate the dangling bonds yielding to a more

favorable energetic situation.
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2.2. Surface states and surface processes.

2.2.1.1 Surface reconstruction.

Surface reconstructions are defined as the atomic rearrangement when breaking

the 3D periodicity, creating a 2D unit mesh dimensionally different to the one pro-

jected for the bulk unit cell. Reconstructions are subjected to the material, substrate

orientation, temperature and growth direction among others. Much research on re-

constructions during the growth and at surface formation has been done. However,

the latter is not well-understood yet, and widely studies on surface reconstruction

of terminal surfaces are still lacking.

In case of GaAs-(001) which exhibits a zinc-blende structure, the surface can

be terminated either by Ga or As atoms, and may present two dangling bonds for

each surface atom. To eliminate the energetically unfavored situation caused by the

existence of such dangling bonds, the surface undergoes complex reconstructions.

The stoichiometry of the surfaces is of significant relevance on (001) surfaces, where

chemical composition greatly influences surface periodicity. A complete description

of the different GaAs(001) reconstructions as a function of the growth conditions

will be held in section 3.1.2. It is noteworthy, though, that the most common

reconstruction in such substrates are over others in the Ga-rich (4x2)-GaAs(001)

along with As-rich (2x4)-GaAs(001) and c(4x4)-GaAs(001).

An example of the atoms disposition in the As-rich (2x4)-GaAs(001) reconstruc-

tion is shown in figure 2.3. The As outermost atoms are pushed upward, and Ga

atoms are simultaneously displaced towards the first As-dimer layer. In this case, the

resulting dangling bonds corresponding to As and Ga surface atoms are eliminated

by transferring charge from Ga to As atoms and vice versa [72].

Even more complex is the understanding of a ternary alloy such as (Ga, In)As.

Here, surface reconstruction has been shown to be also dependent on the In segrega-

tion effects playing a key role in the heterointerfaces properties. Many models have

been suggested to explain the surface atom rearrangement of this ternary. Two

examples are the one proposed by Sauvage-Simkin (S-S) and Mirecki-Millunchick

(M-M) in 1996 and 2004, respectively [73, 74]. Sauvage-Simkin et al. identified

the (2x3) reconstruction as the equilibrium structure for InGaAs growth on GaAs-

(001). This reconstruction consists of a first layer of As-dimers above the topmost

cation layer preferentially composed of 2/3 In and 1/3 Ga, being Ga underneath the

As-dimers (see figure 2.4 on the left). Some differences show the one proposed by

Mirecki-Millunchick and co-workers who suggested also a 3x reconstruction, but this

one based on three cation-cation dimer rows in the topmost layer, with a cation-

anion heterodimer displaced by one surface unit spacing in the [110] direction (see

figure 2.4 on the right). Further new models are still coming out, for example, the
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2. Fundamentals of surface physics

Figure 2.3: As-rich (2x4)-GaAs(001) reconstruction. Arising dangling bonds corre-
spond to both Ga and As atoms. From [72]

two models reported by Bone et al. in which the electronically stable structure is

represented by a transition of c(4x4) to an asymmetric 3x reconstruction [75].

Figure 2.4: On the left, Sauvage-Simkin (S-S)-(2x3) model, a topmost cation layer
comprised of 2/3 In and 1/3 Ga beneath the first As-dimer layer. On the right, Mirecki-
Millunchick (M-M)-(4x3) model based on three cation-cation dimer rows and a displaced

by one unit surface spacing cation-anion heterodimer. From [75]

Concerning 3D nanostructures directly at the terminated surface, there is still
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2.2. Surface states and surface processes.

more controversy and less is found about surface atom reconstructions. The possible

In segregation inside the dot in addition with the strain field makes more puzzling

the determination and control of the surface atoms at the surface.

2.2.1.2 Adsorption: Chemisorption and Physisorption.

The physical process referring sticking of guess molecules on the surface is defined

as adsorption. Such adhesion can arise from a chemical (chemisorption) or physical

(physisorption) interaction between the foreign atom and the surface [65] [66] [69].

Adsorption may be favored when the surface shows a density of charge. In semicon-

ductors, this surface density of charge is induced by the existence of surface states.

For example, the diamond or zinc-blende lattice structure of a semiconductor is

comprised of atoms stuck successively on the tetrahedrally directed dangling bonds

of the surface. Thus, adsorbates tend to stick on the highly localized dangling bonds

of the semiconductor.

Regarding the adsorption theory, chemisorption and physisorption show signifi-

cant differences. Although both processes lead to a more stable surface configuration,

the adhesion process greatly differs.

Physisorption.

Physisorption is an ubiquitous phenomenon that concerns the interaction be-

tween the foreign atom or molecule with the whole surface. Such interactions are

weak and involve the polarization of the adsorbate and surface rather than electron

transfer. The resulting attractive force, majority Van der Waals forces, is linked with

the charge perturbation of both partners. This physical process is not directional

and therefore, physisorbed particles bond more tenuously to specific sites and the

attraction across the surface turns out more uniform.

Although, physisorption may be viewed as Van der Waals interactions, there are

some distinctions between them. The primary one relies on the attractive potential

V(z). Van der Waals forces are governed by the interaction between adsorbate and

surface, whereas physisorption also considers the possible interaction between adsor-

bates. This is directly reflected in the potential. Van der Waals potential exhibits

a distance dependence of ∝ z−6 while physisorption potential decays more slowly

with the distance (∝ (z − z0)−3). Therefore, such slower decrease may be ascribed

to many-body interactions compared with two body attraction considered in case of

Van der Waals.
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Chemisorption.

Chemisorption is an adsorption process associated with the formation of bonds in

molecular physics. Despite this similarity, due to the different dimensionality of the

two cases, chemisorption differs from molecular bonding in some features including

the dependence of the forces on distance. This process involves strong interactions

between the substrate and the adsorbing molecule and shows a highly directional

character, what leads adsorption to occurs at specific sites.

Haber [76] first proposed and Langmuir [77] then confirmed that chemisorption

is related to the unsaturated valence force (dangling bonds) in the surface of the

substrate. This chemical process prevails over physisorption. When stronger chem-

ical interactions are present, physisorption does not take place.

Adsorption process can induce changes in the band bending of a semiconductor

as it will be discussed in detail in next section (2.3). Adsorbed entities usually have

a clear influence on the electronic structure of a surface. Figure 2.5 illustrates the

Figure 2.5: Variation of the energy bands after adsorption. The e∆ψDip work-function
induced by adsorbates may directly cause changes in the band bending. From [66]

possible variation in the energy bands after adsorption. Adsorbed species induce

dipoles which can cause changes in the semiconductor work-function (e∆φDip), and

thus in the electron affinity (∆χ = χ − χ ). This yields to an additional band

bending (∆Vs)

e∆φ = ∆χ+ e∆Vs = e∆φDip + eVs (2.12)

Although a rigorous treatment can be conducted to estimate e∆φDip, same result is
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obtained by considering the simple approximation:

e∆φ = −qEd (2.13)

being the electron field caused by the dipoles:

E =
nDipq

ε0
(2.14)

with nDip the density of adsorbed molecules and ε0 the vacuum permittivity. In-

serting equation 2.14 into 2.13 the variation of the work-function is obtained as

e∆φDip = − e

ε0
nDipp (2.15)

where p corresponds to the polarization. This equation demonstrates that the work

function variation, and consequently, the changes in the band bending, are directly

related to the number of adsorbed entities.

The adsorption rate, tightly linked to the sticking coefficient defined as the prob-

ability of an adsorbate to stick on the surface, is strongly connected to the free dan-

gling bonds on the surface, decreasing its reactivity accordingly with the reduction

of free sites.

2.3 Electronic structure and effects of external agents

The position of the surface states within the bandgap depends on the material

itself and on the type of the surface state (donor or acceptor). The presence of

surface states in a semiconductor is usually characterized by a perturbation of the

local charge. Surface states can be both negatively or positively charged. This

surface-state charge (Qss) is compensated by opposite charge inside the bulk. The

latter is called space charge (Qsc) and satisfies Qss=-Qsc. This event leads to the

formation of a space charge layer and consequently, a band bending occurs.

Space charge region and thus band bending stem from the unstable situation

considering flat bands. This configuration would allow carriers transfer in spite of

the band availability, and therefore, the surface layer will result to be uncompen-

sated yielding to an unfavored energetically situation. Carrier transition is stopped

by means of causing a band structure �deformation� thereby resulting the band

bending. The balance achieved means that Qss=-Qsc with Qss and Qsc residing,

respectively, in surface states and within a certain depth in the semiconductor. The

curvature of the band bending is thus linked with the Qsc. Because of the band

27



2. Fundamentals of surface physics

bending, electron are pushed away from the surface lowering their density in the

space charge region, which is called depletion region in this particular situation.

Figure 2.6 depicts an example of the band bending in presence of acceptor-like sur-

face states. This type of surface states are inherently connected to surface formation

presenting fixed energetic position in the midgap. The band bending is represented

by a potential (qφs) with q>0.

Figure 2.6: Band bending of a n-type semiconductor with partially occupied acceptor-
like surface states. The band bending at the surface is represented by qφs being q a

positive charge.

According to this, it may be inferred that any alteration in the surface-state

charge or density may lead to a modification in the band bending.

Many factors can affect the energy band bending of surface semiconductors. The

presence of an electric field, the contact with a metal, the semiconductor structure

itself, adsorption of molecules and illumination are some examples. The existence

of a high density of surface states, case of covalent semiconductors, may screen the

influence of the electric field and metal contact, thereby, increasing or decreasing

the number of empty surface states would result in crucial changes in the electronic

structure close to the surface and thus, to important modifications of the physical

properties. Two main external agents acting directly on the features of surface states

are adsorption and illumination of the surface.
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2.3.1 Effect of adsorption on the electronic properties.

Surface states spatially and energetically localized within the bandgap play a

critical role in determining semiconductor properties. Adhesion of foreign entities

to the surface may modify the density and features of these localized states causing

a variation in the electronic structure, perturbing the electric field and giving rise

to measurable changes in the optical and electrical properties [70, 78].

We should distinguish between adsorption of a donor or acceptor molecule and

type of the substrate doping (n- or p-doped semiconductor). According to the theory

of molecular orbitals bonding, the strongest interaction with the adsorbing molecule

occurs with the highest occupied molecular orbital (HOMO) and the lowest unoc-

cupied molecular orbital (LUMO).

2.3.1.1 Donor molecule adsorption

Donor molecules are associated, in general terms, with an HOMO state. Ad-

sorption of a donor molecule can be represented by the chemical equation (2.16).

The process relies electrons enabling their transfer from the molecule to the semi-

conductor [70].

D → D+ + e− (2.16)

Binding with a donor molecule occurs if the HOMO lies energetically close to an

empty surface state (ESD). In such case, electrons are transferred from HOMO to

ESD level. Two distinct situations must be taken into account since the adsorption

process also depends on the substrate doping turning out a different electronic re-

sult as illustrated in figure 2.7. According to Brattain and Bardeen surface states

classification, the one represented in the figure can be assumed as acceptor-like [71].

(a) (b)

Figure 2.7: Schematic of the adsorption of a donor molecule on a n-type (a) and on
a p-type (b) semiconductor.

Figure 2.7a shows the adsorption of a donor molecule on a n-type semiconductor.
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Electrons are donated from the HOMO to ESD (blue arrow) remaining in this final

state. The higher energy of the state at the bandgap together with the energy

barrier at the interface make difficult the electron transfer. On the contrary, when

adsorbing onto a p-type semiconductor, the electron can be net transferred from

the HOMO to the semiconductor as indicated with the blue arrows in figure 2.7b.

From this result, it can be inferred that a donor molecule is tightly bound in p-type

semiconductors.

2.3.1.2 Acceptor molecule adsorption

Same analysis is conducted in the case of adsorption of an acceptor molecule

identified by LUMO [70]. Along this discussion, an donor-like surface state ESA is

considered [71]. The adsorption of an acceptor molecule relies on the availability of

a LUMO that could host electrons from the filled surface state.

Acceptor adsorption can be represented with the following chemical equation

A+ e− → A− (2.17)

meaning that electrons are transferred to the molecule.

(a) (b)

Figure 2.8: Schematic of an acceptor molecule adsorption on a n-doped (a) and on a
p-doped (b). Accommodated electrons in a state within the bandgap are transferred to

the adsorbate LUMO level.

Both cases show the same initial stage, filled surface state within the midgap.

When the LUMO level of the acceptor molecule is of the energy of the occupied

state, electrons are transferred from the semiconductor to the molecule. Although

the result after the adsorption on a n- or p-type semiconductor (see figures 2.8a and

2.8b) is nearly the same, the acceptor is more tightly bound to a n-type substrate.
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2.3.2 Effect of illumination on the electronic properties.

In 1953, Brattain and Bardeen first studied the effect of irradiation on the mate-

rial electronic properties. Illuminating a semiconductor has a notable effect on the

electronic situation of the semiconductor surface. Incidence of light causes a change

in the surface potential, such variation is called surface photovoltage (SPV) [71,78].

The impact of the irradiation on the electronic properties of the semiconductor

depends also on the doping type of the substrate. Focusing on the case of n-type

(see figure 6.11), it can be observed how the bands change their bending with the

incidence of light. The absorption of a photon with enough energy (higher than

the bandgap) creates electron-hole (e−- h+) pairs via band-to-band transition (also

via trap-to-band transition, which for simplicity those are not considered). The

generated e−- h+ pair will separate near the surface, the electron will transfer to the

bulk, and meanwhile the hole will move to the surface pushing the bands downward

and thus, diminishing the upward band bending. The variation of the band bending

corresponds to the SPV (SPV=Vs(light)-Vs(dark)).

(a) (b)

Figure 2.9: (a) Diagram of energy bands of a n-type semiconductor without illumina-
tion. (b) Energy band diagram under illumination. Irradiation induce bands to flatten.

The change of the band bending corresponds to SPV (Vs(light)-Vs(dark)).

Therefore, it can be stated that for a semiconductor showing initial upward band

bending, illumination will induce bands to flatten due to surface charge compensa-

tion by decreasing negative surface charge (electrons are pushed away the bulk) and

increasing positive surface charge as a result of hole motion to such direction. The

opposite situation is reached in case of a semiconductor presenting an initial down-

ward band bending.
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Light has been also demonstrated to act on electron transfer injection while

adsorption processes are taking place. Figure 2.10 plots an schematic of the four

different types of carrier injection: 1) e− transfer from an excited donor to the

semiconductor conduction band, 2) e− injection from a ground state donor molecule

to the semiconductor valence band, 3) h+ injection from an excited acceptor molecule

to semiconductor valence band and 4) h+ transfer from a ground state acceptor

to the semiconductor conduction band. The process which is known to be more

sensitive to incidence of light corresponds to the first one. Hereby, we particularly

concentrate on the understanding of this excited-injection electron process from an

excited donor. It is noteworthy that despite this process is described in the case of

band-to-band transitions, it is also extrapolated to the case of band-to-surface state

ones.

Figure 2.10: Mechanisms of electron injection from different states of the adsorbate
under illumination.

As it has been previously mentioned, many factors can modify the band bending

of the semiconductor surface apart from the substrate doping. Thus, to determine

the effect of the incidence of light in the electronic properties, it may be separated

the case of impinging light on an entity adsorbed on a semiconductor with initial

upward or downward bands bending as illustrated in figure 2.11. Illuminating the

former complex (fig.2.11a), the excited electron from the HOMO promotes to LUMO

(green arrow) and from this latter orbital electron injection may occur. If the excited

electron has energy enough, this is pushed away from the interface to the bulk (blue

arrow). Conversely, if it does not have sufficient energy it returns to HOMO level

(dash green arrow). The impact of impinging light of an adsorbate in a semiconduc-

tor with downward band bending originates electrons accumulation at the interface,

being these electrons hosted in the surface again transferred to the HOMO level

(dash green arrow) as depicted in figure 2.11b.
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(a)

(b)

Figure 2.11: Effect of incidence of light on the adsorption of a molecule on an n-type
semiconductor with initial upward (a) and downward (b) band bending semiconductor.
Upward bands push electrons away increasing positive charge at the surface and thus
diminishing the bent. The opposite occurs when initial downward bands, electrons are

accommodated in the surface and then transferred again to the HOMO level.
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Chapter 3

Experimental Techniques

In this chapter, the main experimental techniques employed in this thesis work

will be briefly described. They are classified in four main sections: epitaxial growth

(3.1), sample characterization techniques (3.2), device fabrication (3.3) and device

characterization (3.4). A detailed description of the main technique used in this work

for the growth of the samples, Molecular Beam Epitaxy (MBE), will be addressed

in section 3.1. A complete characterization of the reactor, and the essentials of

the growth parameters and in-situ monitoring techniques (Reflection High Energy

Electron Diffraction: RHEED) among others, will be carried out along this section.

Sections 3.2 and 3.4 include a definition and a presentation of the experimental

techniques for characterizing the sample and the devices, respectively. Samples

are first evaluated by means of analyzing their optical and structural properties,

using photoluminescence (PL) and atomic force microscopy (AFM), respectively.

Next, devices are electrically characterized by measuring the I-V characteristics.

The steps followed for device processing and the most used fabrication techniques

will be outlined in section 3.3.

3.1 Epitaxial Growth of samples: Molecular Beam Epi-

taxy (MBE).

The MBE technology, as it is known nowadays, first arose in the 1970s decade

[79,80]. Since that time, this technique has evolved becoming in a valuable method

for thin films and heterostructures growth. Either molecular or atomic beams in-

teractions with the substrate at a certain temperature give rise to high crystalline

quality thin layers. The cleanliness and the ultra high vacuum (UHV) conditions

in addition with the slow growth rate of such technology endow this procedure a
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high control over the deposited thickness and material composition. Consequently,

such high control, quality and precision make MBE technology very advantageous

for the development of electronic and optoelectronic devices, and further design of

an entirely new materials.

MBE systems are generally built in the modular technology allowing the cus-

tomization from the standard units to address the particular concern of the indi-

vidual user. Besides, modularity combines the advantages of standardization and

flexibility making this approach the most effective and flexible for MBE reactor

fabrication. The main building blocks comprising a MBE reactor are a cassette

load-lock, interstage substrate transfer system, a pumping system and a deposition

chamber among others. Particularly, our MBE reactor, a Riber 32 (see figure 3.1a),

involves a loading, an intermediate and a deposition chamber along with a monitor-

ing and pumping systems for achieving UHV conditions (10−11 Torr). The vacuum

pumping system is composed of several rotary and turbomolecular pumps for a first

rough pumping (∼ 10−5 Torr) together with ion and cryogenic pumps to achieve

and maintain under UHV conditions (∼ 10−11 Torr) the MBE reactor.

The first two elements are the entry lock and an intermediate chamber. The

former allows to rapidly load and unload the 2 inches diameter substrates. This

chamber is provided with an adjustable substrate holder cassette with four substrate

holder face plates. The intermediate chamber is spherical shape and it comprises

an Ar focused ion beam to perform ultraclean controlled dry etching. The vacuum

level in these two stages is maintained by two ion pumps, one in each chamber, and

it is in the range of 10−10 Torr.

The deposition chamber is the most important building block of the MBE sys-

tem (see schematic depicted in figure 3.1b). The primary elements to enable the

controlled epitaxial growth under extremely clean environment and UHV conditions

are located here. This main chamber is supplied with cryogenic shrouds filled with

liquid nitrogen, beam solid sources with their own shutters, an adjustable substrate

manipulator, the electron gun and the phosphor screen for the RHEED system

along with the pressure monitoring units (ion gauge and mass spectrometer) and a

nitrogen plasma (N2-plasma) source. The corresponding pumping system consists

of an ion and a cryogenic pump in addition with a turbomolecular pumping the

N2-plasma source. The ion pump is used to guarantee an ultraclean residual vac-

uum, and the cryogenic pump is restricted to some growths where the ion pump

can not be used (i.e. growth with nitrogen). Beam solid sources are composed of a

cracking effusion cell for As and six Knudsen effusion cells. Three of latter contain

III-group elements (Ga, In, Al), two others dopants (Si, Be), and the last one a
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V-group element (Sb). The cracking cell, designed for dimer generation, is provided

with two separate temperature-controlled heating zones. A reservoir which holds a

large volume of the charge material and it is surrounded by a liquid cooling jacket

to heat dissipation, and a cracker which is a refractory metal conductance tube sur-

rounded by a resistively heated filament assembly. The cracker acts as a transfer

tube for the molecules to pass from the reservoir to the deposition lock. Although

both zones are set at high enough temperature to prevent condensation and low

enough to avoid changes in the molecular species to occur, the temperature in the

cracking zone is set, at least, 100 C above the reservoir one. The molecular beams

of the different materials intersect each other and mix together on the substrate

surface where the crystallization process takes place. The substrate holder is doted

with a rotation mechanism providing homogeneity to the growth, and a Ta filament

heater allowing the setting of different growth temperatures. The substrate holder,

named as mollyblock, is fixed in the horizontal axis manipulator. There are two

kinds of mollyblocks: In-bonding where sample is bonded with indium, and In-free

where samples are mechanically held. The last ones are the most commonly used,

although a specific substrate shape is required, 1/4 circle in our case.

(a) (b)

Figure 3.1: MBE system in ISOM laboratory (a) Image of the Riber 32 reactor for
III-As semiconductor compounds growth (b) Plan view schema of the main chamber:

the deposition chamber.

The pressure monitoring and analytical facilities in our MBE reactor includes a

ionization gauge, a Bayard-Alpert, a mass spectrometer and a RHEED. The Bayard-

Alpert gauge is sited in the manipulator. By a rotation of the manipulator, the gauge

is placed in front the cells allowing the individual flux determination by means of

monitoring their respective Beam Equivalent Pressure (BEP). The cleanliness of the

chamber is monitored by a quadrupole mass spectrometer assembled in a port close

to the main cryoshroud. During the growth, a detailed monitoring of the growth
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procedure is carried out. Such structural tracking is performed by in-situ character-

ization based on RHEED. The RHEED gun projects electrons which impinge on the

substrate surface at a glancing angle creating a diffraction pattern on the phosphor

screen (see figure 3.1b). A detailed overview of this in-situ characterization tech-

nique is addressed in section 3.1.1. These monitoring facilities in addition with the

pumping system provide the MBE technology with a high control over the growth

of thin crystalline high quality layers.

3.1.1 RHEED: in-situ characterization

RHEED, an in-situ characterization technique to follow step by step the growth,

is a powerful method not only to monitor and analyze the deposition and the surface

structure, but also to infer some of the main parameters of the growth such as the

epitaxial growth rate. It was in 1970, when Cho first prepared GaAs surfaces under

well-defined conditions and used RHEED to investigate the reconstruction and relate

them to growth conditions [81].

This powerful technique is based on the incidence of high energy electron beam

(5-40 KeV, in our case 10 KeV) in the surface at a glancing angle (1°-3°). The low

penetration of the beam into the surface, restricted to the outermost layer, allows

surface characterization. The origin of the RHEED features depend on the surface

quality. The roughness of the surface has been found to substantially influences the

resulting RHEED pattern. In a rough surface, the diffraction pattern is not only

produced by the scattered beam, but also by transmission through the asperities.

This combination results in a spotty feature. In contrast, a smooth surface gives rise

to a streaky pattern. Assuming penetration restricted to the uppermost layer of the

crystal, it can be presumed that the scattered beam comes from the same surface

than the incident beam, and then it can be consider as a true diffraction. Thus,

in a flat surface, the RHEED pattern outcomes from the intersections between the

lattices rods and the Ewald sphere [82].

Changes in the RHEED pattern allow to identify every stage during the growth

such as the native oxide desorption, in-time surface reconstruction and transition

temperatures. Determination of the characteristic temperatures like oxide desorp-

tion, (2x4) to c(4x4) and 2-dimensional (2D) to 3-dimensional (3D) transition tem-

peratures is very helpful for calibrating the growth procedure. Particularly, in the

case of GaAs growth, oxide desorption (∼ 580°) and (2x4)-c(4x4) transition temper-

atures are used to refer substrate and active layer growth, respectively (see 3.1.2).

Additionally, identification of the surface reconstruction is especially relevant for

the resolution of the atoms arrangement and final composition in the layer. Rear-

38



3.1. Epitaxial Growth of samples: Molecular Beam Epitaxy (MBE).

rangement of surface occurs to minimize the surface energy. The resulting surface

reconstruction will strongly depend on the growth conditions, i.e. substrate temper-

ature and V/III fluxes ratio among others.

Without any doubt, one of the most important facilities that this in-situ tech-

nique provides for the growth is the growth rate estimation. Determining the growth

rate also permits to calibrate III-group element fluxes, to control the alloy composi-

tion and the deposited material. Variations of the intensity of the different reflected

beams in the diagram show an oscillatory behavior [83]. The oscillation period cor-

responds to the time needed for a monolayer (ML) to grow. In the case of GaAs

(001), 1 ML corresponds to a plane of Ga-atoms and a plane of As-atoms with a

thickness of 2.823 Å (aGaAs/2). Neave et al., in 1983, proposed a method to es-

timate the growth rate based on the intensity variations of the diffracted beams

with increasing the coating material deposited on the surface. Particularly, opening

the III-group element, the intensity drops and begin to oscillate. Within a kinetic

approximation of diffraction, it is plausible to assume that this decay is due to the

formation of 2D-islands on the surface [84]. As depicted in figure 3.2, the minimum

intensity would be reached after the formation of half monolayer, θ=0.5, and thus

the maximum intensity will correspond to the formation of one complete monolayer,

θ=1.

Figure 3.2: RHEED intensity oscillation to calibrate the GaAs growth rate. Diagram
taken from [84]

Besides, by studying the evolution of the RHEED pattern is possible to determine
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the growth features. Depending on the growth conditions, different growth mecha-

nisms such as layer-by-layer, step flow or 3D-growth take place [85]. Along this thesis

work, we will especially focus on layer-by-layer and 3D-growth, for the buffer and

the active layer, respectively. Under certain conditions, the 2D-deposition usually

takes place. However, leaving such configuration, 3D-growth can be obtained.

3.1.2 Growth fundamentals

MBE, for the growth of III-V semiconductors, is based on the reaction and

condensation of the different molecular beams at a suitable temperature and under

UHV conditions.

In 1958 Günther et al., with the aim of evaporating thin InAs, InSb and GaAs

layer, developed a three-temperature method to obtain thin films. The fundamental

idea for the development of this method were to consider that for each incidence rate

of vapor particles there exists a critical substrate temperature (Ts) above which the

condensation is not longer possible. This implies that for each substrate tempera-

ture there also exists a minimum flux which must be exceeded to start the vapor

condensation. Then, it can be inferred that the flux of the elements, and thereby the

temperature element cell must be properly set. Most of the III-V semiconductors

are composed of two group elements which has different vapor pressure and thus dis-

sociation rate during the condensation process. III-group elements (Ga, Al, In) are

less volatile than V-group elements (As, P, Sb). At the same temperature cell, the

V-group element can reach vapor phase easily while the III-group element remains

in liquid phase. Thence, to fabricate a III-V alloy, the temperature of the III-group

element (TIII) must be higher than that of the V-group element (TV ). Therefore,

the referred three-temperatures: Ts, TIII and TV must obey the following relation

TV < Ts < TIII . So that, combining two elements with different vapor pressure, the

deposition growth rate will be determined by the condensation of the less volatile

element (III-group). According to these statements, the most volatile element (V-

group) is overpressure, being the non-incorporated particle fraction re-evaporated.

III-V GaAs-based semiconductors exhibit a zinc-blend structure in the bulk,

alternating planes of III and V element in the (001) direction. However, surface

atom arrangement greatly differs from bulk. The topmost layer causes dangling

bonds allowing the atoms migration throughout the layer, minimizing the surface

energy, and therefore, yielding to different reconstructions. Figure 3.3 shows a phase

diagram of the surface reconstruction of GaAs (001) at a constant growth rate of

0.7 ML/s.

GaAs-(001) surface shows many reconstructions. They mostly differ on their
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Figure 3.3: Surface reconstruction diagram of GaAs(001) [86]

stoichiometry, symmetry and material composition. (2x4) and c(4x4), As-rich, are

the most commonly studied in the growth of heterostructures on GaAs-(001) sur-

faces. The fact that surface atoms order in one or other reconstruction depends on

the substrate temperature and the V/III flux ratio. Thus, varying one of those con-

ditions and keeping the other constant, the reconstructions can be selected. After

native oxide desorption, GaAs growth usually starts in a (2x4) along the direction

[11̄0] due to the initial substrate temperature and V/III flux conditions. Figure 3.4

shows the different phases of (2x4) reconstructions: α, β and γ, being α the poorest

in As, β the most stable and γ the richest in As. γ(2x4) is observed at low temper-

ature, before transition to c(4x4). It is noteworthy that the temperature at which

the transition takes place does not depend on the MBE system, so it can be used as

reference for setting the different temperatures during the growth.
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(a) (b) (c)

Figure 3.4: Unit cell of different phases of (2x4)reconstruction on GaAs-(100). Mod-
ified diagram from Ohtake et al. [87].

3.1.2.1 Substrate Temperature

Determination of the substrate temperature in the different stages of the growth

is crucial not only for the resulting surface atoms arrangement, but also for the

physical properties of the heterostructure. Growing at high enough temperatures

enhances the migration of the atoms after collision, obtaining low density of surface

defects, and thus high crystalline quality materials [88]. On the contrary, during

the growth of an epilayer at low temperature, the atoms almost freeze themselves

in the collision sites, deteriorating the surface quality. Although the surface can

result damaged, growing at low temperature show the advantage of an efficient

incorporation of dopants to the layer [89].

Two substrate temperatures are generally used to refer the growth: the native

oxide desorption temperature (Tox) and the (2x4)-to-c(4x4) transition temperature

(Tx4−c(4x4)). Every substrate is oxide-coated to avoid possible damages. Thus, to

evaporate the native oxide layer, the substrate must be heated above Tox (∼ 580 C,

in case of GaAs) and then degassed for several minutes. Oxide desorption is notified

by a change in the RHEED feature, from a dim to a streaky pattern, corresponding to

an amorphous layer and to (2x4)-GaAs(001) reconstruction, respectively. Although

GaAs growth can be performed in a huge range of temperature (see figure 3.4), it

is usually grown at temperatures equal or slightly below Tox (TGaAs ≤ Tox). As a

reference for the growth temperature of the active layer, Tx4−c(4x4) (∼510 C) is com-

monly used. The fact of QDs being grown at low temperature (TQDS <Tx4−c(4x4))

makes difficult atom rearrangement, and thus facilitates islands formation.
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3.1.2.2 V/III flux ratio

During the growth of a III-V alloy, many processes take place at the surface in-

cluding, molecule adsorption and desorption, atoms migration throughout the sur-

face and alloy nucleation among others. The growth of a III-V semiconductor is

controlled by the III-group element. At the usual growth temperatures (450°C and

600°C), such group elements have a sticking coefficient on GaAs-(001) surface of 1

meaning that every atom arriving at the surface is chemisorbed on it. Conversely,

since V-group elements are more volatile, their sticking coefficient is smaller and

thus, adsorption process is less feasible since there exists a high percentage of these

molecules colliding the surface and not being adsorbed. Due to the eminent degree

of desorption of V-group elements is reasonable to set the V-flux higher than III-flux

to ensure the III-V nucleation. Therefore, III-V semiconductors are usually grown

under overpressure of the V-group element.

The flux ratio of different materials is normally referred to the relation between

its respective partial beam equivalent pressure (BEP).

φV
φIII

=
BEPV

BEPIII
(3.1)

Where BEP is measured before growth using a Bayard Alpert gauge located in

front of the effusion cells. However, the real physical parameter of the flux ratio is

more meaningful and independent of the MBE reactor.

Among the different methods for flux ratio estimation, one of the most common

procedures is to use the following formula [90–94].

φV
φIII

=
BEPV · ηIII
BEPIII · ηV

·

√
TV ·MIII

TIII ·MV
(3.2)

being T and M the cell temperature and molecular mass of the corresponding ma-

terial, respectively, and η the gauge efficiency for each element, defined as:

η =
0.4 ·Zx

14
+ 0.6 (3.3)

corresponding Zx to the atomic number.

Along this thesis work, we will refer the flux ratio as V/III meaning φV /φIII

= BEPV /BEPIII . At an adequate substrate temperature, and with a V/III flux

ratio above 1, a layer-by-layer growth comes out. Decreasing the pressure of the

V-group element, some of the III-group atoms already chemisorbed on the surface

could not nucleate, giving rise to preferential nucleation centers. As a consequence,
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the crystalline quality and homogeneity of the growth could be damaged, arising

3D-islands. V/III flux ratio is well known to play a significant role on the resulting

crystal quality and thus, physical properties of the nanostructure.

3.1.3 Quantum Dots growth. In0.5Ga0.5As QD growth

Quantum dots are 3D-nanostructures with exceptional physical properties such

as their zero-dimensionality and 3D-confinement which provide the system with

unique physical characteristics for the design and development of new devices. There

are several procedures for QDs growth such as self assembled (Stranski-Krastanov),

droplet epitaxy and prepatterning among others. Self-organized, S-K mode is a

simple and extremely attractive method for QDs fabrication on lattice-mismatched

system. Despite this growth mode presents a limitation on the control over the uni-

formity and spatial position, the resulting structures are densely packed and show

a high crystallinity [42]. Droplet epitaxy shows the advantage of fabricating QDs

with a high homogeneity size and composition in both, lattice-matched and lattice-

mismatched systems. Nonetheless, the surface treatment before droplet formation

deteriorates the surface crystallinity [95]. The last growth mode, prepatterning,

generally used in lattice-matched system consists in a previous definition of a nu-

cleation pattern onto the substrate surfaces. Although, this procedure offers a high

control in the position of the island formation, it shows two important drawbacks

lying in the difficulty of both, obtaining high density structures and designing a

pattern of sufficient quality to avoid damaging the substrate surface with defects or

impurities [96] [97].

In this thesis work, we focus on the growth and characterization of self-organized

S-K In0.5Ga0.5As QDs. InxGa1−xAs is a ternary alloy composed by two binary

compounds, InAs and GaAs with a molar fraction in the ternary of x and (1-x),

respectively.

Following the strain definition of Hornstra and Bartels [98], the strain arisen

from the increasing layer thickness is defined as:

ε =
aL − aS

aS
(3.4)

corresponding aS and aL to the substrate and epilayer lattice parameter, respec-

tively. Thus, the mismatch in In0.5Ga0.5As will depend on the molar fraction of

each binary compound. In the case under study, 0.5 of InAs and 0.5 of GaAs

(In0.5Ga0.5As), the resulting mismatch is of about ∼3.6 % with aL= aIn0.5Ga0.5As=

5.854 Å and aS= aGaAs= 5.65 Å. It is of significance that aL has been determined
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using Vegard s Law (3.5) [99] [100], since in-plane direction is assumed to be un-

strained.

aL‖ = x aInAs + (1− x) aGaAs (3.5)

with aInAs=6.058Å and aGaAs=5.65Å.

Figure 3.5 depicts a schema of the change in the atoms arrangement after re-

laxation and thus, QD formation. Corresponding changes in the RHEED pattern,

from streaky (2D) to spotty (3D) in the transition from layer-by-layer growth to

QDs formation, are also shown. First deposited monolayer grows biaxial compres-

sive (aL‖=aS ; aL⊥>aS), corresponding aL‖ to in-plane and aL⊥ out-of-plane epilayer

lattice parameter. As it can be observed, the in-plane dimension, a‖, is forced to

match to aS giving rise to a fully strained situation and, as a consequence, the cell is

enlarged in the growth direction, normal to plane (a⊥). With increasing the mono-

layer deposition the elastic energy increases. Beyond a critical thickness the layer

relaxes forming coherent island, free of crystalline defects [101].

Figure 3.5: Diagram of the structure change after strain relaxation with each corre-
sponding RHEED pattern

Thus, a⊥depends on the directional strain, longitudinal (ε‖) and transversal (ε⊥),

and therefore on the stiffness coefficient (Cij) [98].

ε‖

ε‖ − ε⊥
=

C11

C11 + 2C12
=

1− ν

1 + ν
, (3.6)
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where ν is the Poisson coefficient and ε‖ and ε⊥ [102], respectively,

ε‖ =
aL‖ − a

S

aS
(3.7)

and

ε⊥ =
aL⊥ − aS

aS
, (3.8)

Using equation 3.7 and 3.8 in 3.6, the aL⊥ can be inferred from

aL‖ =
1− ν
1 + ν

· (aL⊥ − aS) + aS (3.9)

Therefore, the corresponding lattice parameters of InxGa1−xAs will be estimated

as follows. Being the in-plane aL‖=5.854Å previously calculated using Vegard´s Law

(eq. 3.5).

Replacing 3.5 in 3.9 and resolving for aL⊥

aL⊥ = aGaAs +

(
1 + ν

1− ν

)
·x · (aInAs − aGaAs) (3.10)

using aInAs = 6.058 Å, aGaAs = 5.65 Å, ν = 0.33 and x = 0.5, the resulting lattice

parameters are

aL‖= 5.854 Å, and aL⊥= 6.055 Å

From the out-of-plane parameter the number of deposited monolayer can be

estimated (1ML=
aL⊥
2

).

3.1.3.1 Calibration of QDs growth rate

Additionally to the substrate temperature and the V/III fluxes ratio, the growth

rate also plays a key role on the determination of the epilayer features, and therefore

device characteristics.

Assuming that the growth rate and the fluxes of the different materials follow

a linear relation, it is plausible to accept that controlling the deposition rate, the

composition and the thickness of the heterostructure can be assessed, and thus, the

physical properties can be tuned.

To calibrate the InxGa1−xAs growth rate it is first necessary to separately esti-

mate the deposition rate of the InAs and GaAs (see equation 3.11).

vInGaAs = vInAs + vGaAs (3.11)
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and, the percentage of In in the alloy is established from the ratio between InAs and

InxGa1−xAs growth rate.

x =
vInAs

vInAs + vGaAs
(3.12)

VGaAs is calibrated using the method based on RHEED oscillations (see section

3.1.1) and vInAs is measured considering the growth mode of InAs on GaAs-(001)

surface. As previous mentioned, the mismatch between both alloys causes strain ac-

cumulation in the upper layer during the 2D-growth, and beyond a critical thickness

the InAs layer relaxes forming 3D-islands (2D-3D). Several studies can be found in

the literature regarding the InAs critical thickness. It has been reported that such

parameter depends on the intermixing, segregation and migration of In [103] [104].

Consequently, different critical thickness for the 2D-to-3D transition can be referred,

i.e. 1.8 MLs [105] [106] and 1.7 ± 0.1 MLs [107]. In this thesis work, we used the

one proposed by Alloing et al. (1.7 ± 0.1 MLs). Therefore, measuring the 2D-3D

transition time, the vInAs can be calibrated, and the vInGaAs determined by using

equation 3.11.

3.2 Sample characterization techniques

Along this section, a detailed description of the most significant techniques used

in this thesis work to assess optical and structural characterization of the samples

is addressed.

3.2.1 Optical characterization: Photoluminescence (PL)

Photolumninescence (PL) is one of the most sensitive and nondestructive tech-

nique for the investigation of both intrinsic electronic transitions at impurities and

defects usually of atomic or molecular dimension, in semiconductors.

The incidence of light with sufficient energy excites electrons from the valence

band (VB) to the conduction band (CB) leaving a hole in the VB. The resulting

electron-hole pair can recombine by direct band-to-band recombination mechanisms

resulting in a photon emission.

In a QDs system, the resulting PL features of the optical spectra such as emis-

sion wavelength, PL intensity and the full width at half maximum (FWHM) pro-

vides information of the size, shape, composition, homogeneity and density of the

heterostructure. Although, PL is generally used as a conventional method for first

fundamental characterization of the nanostructures to evaluate the quality of the ma-

terial and to control the incorporation of specific impurities, fundamental research
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and material characterization are not really separable.

(a) (b)

Figure 3.6: Schematic of the PL set-up used in ISOM. (a) Image of the infrared bench.
(b) Plan view of the PL set-up.

Figure 3.6 shows an image (fig. 3.6a) and a schema (fig. 3.6b) of the infrared PL

set-up used in ISOM. The system consists of a laser, a monocromator, a cryostat, a

cooled Ge photodetector and a lock-in amplifier. Samples, placed in a cryostat are

excited using light from the 6328Å of a He-Ne laser. Because lasers are monochro-

matic, intense, and readily focused, they are a good choice for PL excitations. The

beam is driven into the sample using an optical path composed by several mirrors

and convergent lens. The sample illuminated area is of about 100 µm diameter.

The cryostat is cooled by means of a closed He circuit and it comprises a Pt-100

resistance to control the temperature in sample surroundings, from 15 K to 350 K.

The transmitted light is focused on the entrance slits of a simple adjustable grat-

ing monochromator with a focal length of 1 m, and the dispersed light is detected

with the cooled Ge photodetector. Emission wavelength between 800-1700 nm is

resolved. The output voltage which is proportional to the sample emission intensity

is monitored in the lock-in amplifier.

As previously mentioned, photoluminescence is generally used for a first eval-

uation of the sample quality. For such aim, it is needed to accurately study the

different optical features in the PL response. Figure 3.7 shows a PL spectrum with

the identification of the main optical parameters: FWHM, peak energy, PL intensity

and integrated photoluminescence (IPL).

These physical values strongly depend on the nanostructure and growing condi-

tions. For example, it was found a PL linewidth broadening from 2-dimensional to

3-dimensional nanostructures at the time that the emission peak was shifted to lower

energies and PL intensity decreased [108]. Concerning the impact of the growth con-

ditions, it especially relies on the different morphological properties of the resulting
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Figure 3.7: PL spectrum with the main optical parameters.

nanostructures as it will be discussed in detail in chapter 4.

3.2.2 Structural and morphological characterization: Atomic Force

Microscope (AFM)

Since 1986, when the Atomic Force Microscope (AFM) was first proposed as a

new microscope for investigating surfaces [109], AFM has become in an essential

tool for surface characterization with atomic resolution [110] [111]. AFM shows

the advantages over other microscopes of not requiring sample treatment before

the measurement, of not damaging the surface and being suitable for the study

of both, conducting and insulating materials. AFM and the scanning tunneling

microscope (STM) are the basis of the scanning probe microscopy (SPM). Such

microscopy technique consists of a sharp tip scanning the surface at a distance of a

few angstroms. This proximity gives rise to short-range interactions such as Van der

Waals and electrostatic forces between probe and sample. During the scanning, the

flexible cantilever, housing the probe, is capable of feeling the forces arising from

the interaction between tip and sample. These forces may cause deflection in the

cantilever by changes in the corrugation providing a sample image of the topography

of the surface.

Figure 3.8a depicts a schematic of the AFM operation. The laser beam on the

tip is first reflected to a mirror and then collected by a 4-quadrant photodiode.

By recording the different signals the image is obtained. The AFM can work in

different modes regarding to the main force involved: repulsive short-range and

Van der Waals forces for static (contact) and dynamic (tapping) mode operation,
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(a)

(b) (c)

Figure 3.8: Schematics of the AFM. (a) Schematic of a AFM operation. The reflection
of the laser beam on the tip is collected by the 4-quadrant photodiode connected to a
computer which monitor the final AFM image. (b) contact and (c) tapping operation

modes of the AFM.

respectively. In the first case, the tip scans the sample always in contact with the

surface by applying a constant force, (see fig. 3.8b). Such interaction is related with

the cantilever deflection. Therefore, assuming Hooke s Law: F = −kx, it is plausible

to determine the force in the tip knowing the deflection (x) and the cantilever stiffness

(k). In the contact mode, the tip is usually made of Si since the probe stiffness

coefficient takes values in the interval of 0.01-1 N/m. It must be flexible enough to

provide a measurable signal and sufficiently rigid to cause the resonance frequency

that is compatible with the scanning frequency (1-5 Hz) [112]. Conversely, in the

tapping mode, the tip attached to the end of an oscillating cantilever taps the surface

obtaining the image. Since, the probe lightly taps the sample, the possible damage

and the friction during the scan are decreased, making this mode of especially interest

for soft sample characterization. The most widely method for tapping is by applying

a sinusoidal voltage to the piezoelectric supporting the cantilever, with a frequency

(f) close to the first harmonic of the cantilever V = V0cos2πft. The interaction
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between tip and surface is manifested by the oscillation magnitudes, amplitude (V0)

and phase. By comparing each magnitude before and after the interaction, the

corresponding topography image is acquired.

In this work, we have used a Bruker Multimode NanoscopeIIIa AFM system with

a piezoelectric drive AS-130VLR scanning 125x125 µm XY and 5 µm Z range. All

the measurement were performed in tapping mode using diamond coated Si probes

with a resonant frequency of 300-342 KHz and a stiffness coefficient of 20-80 N/m.

In this thesis, AFM has been proved as an extremely useful technique for the

characterization of the surface quantum dots allowing the estimation of their size,

shape, density and homogeneity. Although, AFM presents some disadvantages such

as, scraping, poor lateral resolution and restrictive operation for uncapped nanos-

tructures. The last one is not a limitation for our research, since we mostly charac-

terize surface nanostructures, and lateral resolution together with scraping can be

solved by using the AFM in tapping mode.

3.3 Device fabrication

To perform the final electrical characterization of our samples, they must be first

processed. The I-V measurements of our devices consist of the determination of the

surface current between two contacts. Thus, an elaborated processing is not required

although one must pay especial attention to the cleaning and annealing since surface

is very sensitive and reactive, and it may change its physical properties.

3.3.1 Processing of sensor devices

In this thesis work, we use two metal square contacts for I-V measurements.

Their size dimensions are 150 µm and they are separated by 70µm (see fig. 3.9).

The processing consists of 4 steps: cleaning, photolithography, metalization and

lift-off.

Cleaning of the wafers. A very good cleanliness of the surface of the samples

is essential for a successful processing. It eliminates dust and possible small particles

on the surface allowing for a good adherence of the photoresists and metal that will

be deposited on the surface. Among all the cleaning techniques, we used organic

solvents due to its high efficiency in removing dust, oils, waxes and organic material

such as photoresists. Sample is first cleaned with acetone, immersed for 10 min at

50°C and then, it is treated with propanol for 5 min.
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Photolithography. All patterning techniques used in semiconductor process-

ing employ energy-sensitive chemical substances called resists. In the case of pho-

tolithography these chemicals are sensitive to light and they are referred as pho-

toresists. These are applied to the wafer as a thin-film coatings and then selectively

exposed to light that creates open areas. There are two kinds of resists, positives

in which the development step removes the exposed areas, and negatives in which

development removes the unexposed resist.

For the processing of our samples, we used a positive photoresist (5214) and

a Karl Suss MJB3 mask aligner. Samples are coated with 1.3 µm of resists and

spinned at 1000 rpm. Then, they are exposed to UV-light during 3.5 seconds and

developed during 35 seconds with a pure AZ developer.

Metalization and lift-off. A good metalization must usually fulfill some re-

quirements such as high electrical conductivity and good adhesion. Choosing the

metal relies on one´s own needs, i.e. gold provides good conductivity but exhibits

poor adhesion. Among the evaporation systems, we used the one based on Joule

effect.

Without any cleaning and plasma exposure, the sample is metalized with an

alloy of 10/130 nm Au/Ti (Ti improves the adhesion on the surface). After the

evaporation, a lift-off is performed, immersing the wafer in acetone in which the

resist is removed and the pattern is defined. After acetone, the sample is sunk in

propanol to remove the traces of acetone.

It is important to note that for our purpose of studying the physical properties

of the surface, the surface treatment must not deteriorate or modify the surface.

Thus, plasma etches, annealing, acids over other treatments must be avoided.

3.4 Device characterization: I-V characteristics

I-V characteristics is one of the fundamental methods for the characterization of

the surface electrical properties. By means of this measurement the resistance can

be obtained (R = dV/dI ) and thus, the surface sheet resistance Rsh (eq. 3.16).

This magnitude (Rsh) is independent of the distance between the electrodes and

the electrode area along with uniform in thickness. Thus, it is directly related

to the global material conductivity and commonly used to characterize thin films

semiconductors among other low dimensional devices. Considering L-side square

contacts separated a distance W, and assuming that the surface current only flows
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through the wetting layer-QD system in the W-direction; the resistance is defined

as follows:

Figure 3.9: Schematic of the two square metal contacts.

R = ρ
W

A
(3.13)

being ρ the resistivity and A (A = LhQD), the lateral area where hQD is the QD

height. Hence, the resistance can be written as:

R =
ρ

hQD

W

L
(3.14)

Defining from 3.14 the sheet resistance as

Rsh =
ρ

hQD
(3.15)

and solving equation 3.14 with 3.15, the Rsh as a function of the resistance reads:

Rsh = R
L

W
(3.16)

A Janis Probe Station CCR100-1 is used for the measurement of the I-V char-

acteristics (see figure 3.10). This probe station allows the electrical characterization

of the samples under different pressure and temperature conditions. In our study

we use this system to conduct I-V measures under vacuum and in air atmospheres

at a room temperature (RT).

I-V are displayed and analyzed by an Agilent HP4145 semiconductor parameter

analyzer. This is a versatile digital curve tracer capable of making measurements

over a very wide range of voltages and currents.

53



3. Experimental Techniques

Figure 3.10: Janis Probe Station CCR100-1.

It is of high significance to mention that along this thesis work, specific set-

ups for the evaluation of the influence of the external conditions on the physical

properties have been designed. In particular, we developed a system which allows

the setting of different gas atmospheres for the optical characterization and, a set-

up which procures with different relative humidity and lighting conditions in the

local surrounding for the electrical characterization. Those are described in detail

in sections 5.1.1 and 3.4, respectively.
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Chapter 4

Growth of the InGaAs SQDs for

the development of sensing

devices

Attempting to enlarge the In0.5Ga0.5As exploitation area to sensing applications,

in this chapter, a narrow analysis of the main growth parameters affecting the phys-

ical properties of the system will be addressed. Due to the high knowledge and

experience of our group on the growth and characterization of InGaAs nanostruc-

tures [46, 54, 113], we are allowed to focus just on the adjustment of two growing

conditions: the growth rate (4.3) and the temperature treatment after QDs forma-

tion (4.4). An optical and structural comparison of the different sets of samples

will be reported and discussed. Finally, a growth mode showing great properties for

sensing device development will be proposed.

4.1 Introduction.

Many works based on the optimization of buried 2- and 3-dimensional InGaAs

nanostructures for, particularly, optoelectronic applications can be found in the liter-

ature [35,36,114,115]. It has been reported a high influence of the growing conditions

including growth rate, substrate temperature during nanostructure formation, V/III

flux ratio and temperature treatment after active layer growth, on island density,

composition, shape and size. Deposition at low rates allows a higher kinetic control

of the structures resulting in minimizing postgrowth changes, and thus preserving in-

situ characteristics for ex-situ surface analysis [116]. Besides, growing at enough low

substrate temperature prevents from intermixing and preserves island composition
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4. Growth of the InGaAs SQDs for the development of sensing devices

and morphological properties [117]. An appropriate V/III flux ratio is drastically

required to ensure the desired nanostructure composition. Generally, overpressure

of V-group element is especially important to ensure its incorporation into the dot.

After island formation is of high relevance to maintain, as long as possible, its mor-

phological properties for the ex-situ characterization. For such point, much effort has

been devoted to handle the surface after dots nucleation with different temperature

treatments using quenching and/or annealing processes [118,119].

Nonetheless, little is published concerning the adjustment of the growing con-

ditions for uncapped heterostructures in an attempt to enlarge the area of its ex-

ploitation to sensing devices [22, 120].

In this chapter, we will focus on the study of the growth of In0.5Ga0.5As surface

quantum dots to improve the quality of such system for the development of sensor

devices. With this purpose, we will follow the previous experience and extremely

high know-how of our group on InGaAs nanostructures fabricated by MBE [46, 54,

113].

4.2 Description of the sample and growth details.

Samples, designed with the aim of sensors development, are grown on Si-doped

(GaAs)-(001) substrates to make possible the device fabrication. Samples comprise

a 1.5 µm-thick GaAs buffer layer to prevent the possible emission and conduction of

the substrate which could affect the nanostructure response, and, an In0.5Ga0.5As

surface QDs layer (see figure 4.1).

Figure 4.1: Sample structure. Consist-
ing of a thick (1.5 µm GaAs buffer layer

and an uncapped In0.5Ga0.5AsQDs)

Typically, the amount of material de-

posited in QDs is 6 ML. As previously men-

tioned in chapter 3, growth is performed

using a RIBER 32 solid-source molecular

beam epitaxy and monitored using in-situ

RHEED technique. After oxide desorp-

tion, a 1.5 µm buffer layer is grown at high

temperature and growth rate, 590 C and

1 ML/s, respectively. Then, an uncapped

of self-assembled In0.5Ga0.5As QDs layer is

grown at low substrate temperature and

slow growth rate. QDs growth temperature

is set at 430 C and the growth rate is varied, as it will be discussed in section 4.3.

After QDs formation a distinct temperature treatment is carried out in every case
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(see section 4.4).

In an attempt to make better the quantum nanostructure growth for an specific

issue, it is first needed to control and refine the main growth parameters. According

to previous studies in the group [54] focused on the growth of InGaAs QDs with

a ratio of 50% Ga and 50% In and nitrogen incorporation in such system, the

relation between V/III group fluxes is established to be above 1 order of magnitude

(under overpressure of As) in both, GaAs layer and In0.5Ga0.5As nanostructure

growth. Additionally, the QDs growth temperature is set at 70°C below (2x4)-to-

c(4x4) transition temperature. It is worth mentioning that As flux is modified in

consonance with In and Ga flux along the growth to maintain the flux relation.

Specifically, As pressure is reduced during the formation of QDs.

GaAs layers are grown on the As-rich (2x4) reconstruction at 10°C (∼ 590°C)

below the oxide desorption temperature (∼ 600°C). During GaAs growth, the As-flux

is fixed to 1.2 · 10−5 Torr, and Ga-flux is set to yield a growth rate of 1 ML/s. And,

all along the process, V/III flux ratio is maintained above one order of magnitude

to ensure the crystalline quality of the nanostructure [92].

The election of a low growth temperature and slow growth rate for the formation

of In0.5Ga0.5As QDs relies on the higher feasibility of 3D arrangement and larger

QD size [105] [121] that this conditions offers over others. Growing at 70°C below

transition means deposition on (2x3) reconstruction, where QD nucleation is favored

by the continuous As-dimers rows along [110] direction, with two position for Ga and

In [122]. Besides, growing at such temperature leads to a high degree of homogeneity

of the dots and to a large surface density [54]. It is important to note that due

to the slow QDs growth rate, III-group element and As flux must be changed in

accordance to keep the V/III ratio. In the case of this ternary element, the flux

ratio is determined using equation 3.1 with BEPIII = BEPIn + BEPGa.

In order to improve the QDs features for sensing applications, we set V/III ratio

at 20 and QDs substrate temperature at 430°C, and we perform two narrow studies

linked with QDs growth rate and a temperature treatment after QDs formation. The

effect of QDs growth rate and postgrowth temperature treatment will be disclosed

in next two sections, 4.3 and 4.4, respectively.

4.3 Effect of the growth rate on the quantum dots fea-

tures for sensing application

Deposition rates have been demonstrated to particularly influence the buried

QD density, size and composition. Growing at very low growth rates results in a
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reduction of the QD density and in an increase of the average QD size [105, 121],

thus shifting the emission peak to lower energies. Slow rates also help to avoid the

possible “alloying” between the different materials involved in the growth (i.e. In

and Ga). Besides, it has been found that growing at low rates yields more likely to

coherent islands than growing at high rates [123].

Additionally, it has been already reported that postgrowth temperature treat-

ment has a significant effect on the QDs features. Annealing or quenching after

nanostructure formation induce important changes in its structural and physical

properties [124] [125]. Dropping sharply the temperature has been found to pre-

serve QDs morphological characteristics, and thus to improve their physical proper-

ties [125].

Therefore, to adjust the growth rate, we will keep the same temperature treat-

ment after QDs growth in every sample, rapid decreasing and increasing to QDs

growth temperature within 3 min.

4.3.1 Structural characterization and analysis.

Three different QDs growth rate are checked: 0.04 ML/s, 0.07 ML/s and 0.19

ML/s, labeled as GR #1, GR #2 and GR #3, respectively. The QDs growth rate

was calculated using the equation 3.11 and set by regulating Ga and In flux in

accordance with their percentage in the final alloy (50% Ga and 50% In).

Deposition QDs shape Height Lateral diameter Surface density

rate (ML/s) (nm) (nm) (cm−2)

GR #1 0.04 elongated 4.3 ± 0.1 41 ± 1 2.9 · 10 9

199 ± 17

GR #2 0.07 semi-spherical 6.7 ± 0.2 34 ± 1 7.1 · 10 10

GR #3 0.19 semi-spherical 11.3 ± 0.6 54 ± 3 3.5 · 10 10

Table 4.1: Structural and morphological properties summary of 3D nanostructures
resulting from growing at different growth rates.

Figure 4.2 illustrates (1µm x 1µm) AFM images of the corresponding surface

structure for each growth rate at a growth temperature of 430°C. Table 4.1 summa-

rizes their respective 3D nanostructures characteristics. Meaningful morphological

differences can be appreciated regarding to the deposition rate. At ultralow growth

rate (0.04 ML/s, GR #1) 3D nanostructures present irregular and elongated shape

(fig. 4.2a). QDs coalesce together resulting in a low surface density system (2.9 · 109

cm−2) of extended heterostructures of about 199 ± 17 nm long and 41 ± 1 nm wide.

In turn, growing at ultralow growth rates induces larger sizes. This may be related
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(a) (b)

(c)

Figure 4.2: (1 µm x 1 µm) 2D AFM images of samples grown using different deposition
rates. (a) Ultralow growth rate (0.04 ML/s, GR #1). Elongated clusters along [110]
direction. (b) 0.07 ML/s (GR #2). High homogeneous and density semi-spherical dots.

(c) 0.19 ML/s (GR #3), large rounded shape islands.

to In adatoms which at low deposition rates preferentially incorporated into exiting

QDs, rather than forming new ones [126]. These results match well with previously

reported by Joyce et al. in 2001 [106]. As it can be observed in figure 4.2b, at a

growth rate of 0.07 ML/s (GR #2), 3D islands exhibit a rounded shape (6.7 ± 0.1

nm height and 34 ± 1 nm base length) and high superficial density (7.1 1010 cm−2).

Higher growth rates (GR #3) give rise to semi-spherical dots showing a density of

3.5 1010 cm−2 with an average height and base length of 11.6 ± 0.6 nm and 54 ± 3

nm, respectively. It is also remarkable to underline that below 0.04 ML/s QDs are

not formed at that temperature and V/III flux ratio conditions.
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4.3.2 Photoluminescence characterization and analysis.

Concerning the optical emission, we found that neither the sample grown at ul-

tralow deposition rate (GR #1) nor the one grown at high growth rate (GR #3)

show photoluminescence at low (LT) or room termperature (RT). Nevertheless, sam-

ple grown at a medium growth rate (GR #2) exhibits a bright emission at both, LT

or RT. Figure 4.3 plots the PL spectra at LT (solid line) and RT (circle line). It

can be observed a clear redshift of ∼ 73 meV and, a PL intensity reduction of about

∼67% with respect to the signal emission at LT. FWHM remains nearly constant.

Figure 4.3: Photoluminescence spectra of GR #2 at LT (solid line) and RT (circle
line).

The quite low QDs density yielded using GR #1 and GR #3, in addition with the

morphological inhomogeneity arisen from GR #1 and the large size of GR #3 dots

can be pointed out as main responsible for the absence of optical emission even at

LT. These two samples could have a low optical quality which would make difficult

carrier radiative recombination, thus degrading the optical emission. Conversely,

the intense PL emission of GR #2 sample even at RT may be relied on the high

optical quality which could arise from the resulting high homogeneity and surface

QDs density.

The profound knowledge of the structure and symmetry become problematic

for nanostructures emerging as precipitates from a matrix. This includes the self-

assembled epitaxial semiconductor QDs arising from a lattice-mismatched system.

These may exist in a quasicontinuous range of compositions, likely with a composi-

tion gradient within the structure, and come in a variety of shapes and sizes. The

involution of such nanostructures has generally prohibited the characterization or
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theoretical prediction of their structure. In fact, as a common use, only the size,

shape and composition of the QD are generally assessed [127].

Thus, the modelling of the our system In0.5Ga0.5As SQDs requires a further

extensive research not only concerning the dots composition and shape, but also on

the strain relaxation and surface-related effects arising from the merely fact of being

uncapped that may also affect the confinement and structure of the QDs.

The low emission energy found in In0.5Ga0.5As SQDs at RT (see figure 4.3)

suggest a weak confinement of the dots. Nonetheless, the emission at such lower

energy may be attributed to the In accumulation on top the dot that generally

occurs in large QDs. This turns the effective In into the dot above the nominal

content shifting the emission to the red. Besides, the effect of the strain relaxation

together with the surface potential also procure a redshift in the SQDs emission [22].

Moreover, according to the literature, these complex large QDs are reported to show

quantum confinement [128]. In fact, this is also supported by the Bohr radius of

the involved materials. Considering the Bohr radius for bulk InAs (33nm) and for

bulk (GaAs) and assuming a linear interpolation, the resulting Bohr radius for the

bulk In0.5Ga0.5As is 22.5 nm [129]. Since, the In0.5Ga0.5As QDs present a significant

small height compared to the Bohr radius (6 nm compared to 22.5 nm) it is plausible

to assume that it exists confinement.

Although, it may inferred from the above statements that our system is zero-

dimensionality, it is however required further experimental analysis and modelling

to demonstrate the quantum confinement in the dot.

4.4 Effect of postgrowth temperature treatment on quan-

tum dot formation.

According to our research, it can be inferred that the most suitable growth rate

corresponds to 0.07 ML/s, since the arisen QDs present a high degree of homogeneity,

large surface density and they show a bright optical emission even at RT. Thus, the

temperature treatment determination will be conducted growing the islands using

such growth rate (0.07 ML/s).

Quenching or annealing processes after QDs formation has attracted much effort

to minimize postgrowth changes of the nanostructure [117, 119, 130, 131]. Rapidly

dropping the substrate temperature has resulted more successful for preserving QDs

properties after growth. Cooling down immediately after QDs nucleation has been

reported to allow “freezing” QD and preventing In-intermixing, thus preserving QDs

properties and composition [124] [59].
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Following GaAs buffer layer growth, substrate temperature is set at QDs growth

temperature (430 C) using a temperature ramp of 60 C/min. After 63 sec, 2D-to-3D

transition occurs and self-assembled In0.5Ga0.5As QDs, grown by S-K, nucleate. Af-

ter QDs formation, the material deposition is not interrupted until a final coverage

of 6 ML. Afterwards, the sample is subjected to different temperature treatments

which basically involve alteration of the substrate temperature immediately after

reaching the desired QDs coating. For example, a sharp or softly dropping of the

substrate temperature within 90 sec followed by a 90 sec temperature ramp up again

to QDs growth temperature. In this thesis work, we test three different tempera-

ture approaches and we evaluate the resulting structural and optical properties of

the outcoming nanostructures from the distinct protocols. These three temperature

treatments are schematically illustrated in figure 4.4.

(a) (b) (c)

Figure 4.4: Scheme of the different temperatures treatment following QDs forma-
tion. (a) Sharply temperature dropping and again raising to the initial T within 3
min (approach #1). (b) Softly ramp down and ramp up (approach #2). (c) Constant

temperature (approach #3)

Approach #1

After QDs nucleation, substrate temperature is rapidly cooled down 100 C below

the quantum dot growth temperature (see fig. 4.4a). Typically, substrate tempera-

ture is reduced from 430 C to 330 C within 90 sec. Then, substrate temperature is

again raised to 430 C. This temperature ramping is supposed to preserve QDs shape

and composition. Then, temperature is quenched to RT.

Approach #2

As depicted in figure 4.4b, following 3D nanostructure formation, substrate tem-

perature is softly dropped to 40 C below QDs growth temperature within 10 sec,

then it is kept at such temperature during 70 sec. Afterwards, it is again raised to
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4.4. Effect of postgrowth temperature treatment on quantum dot formation.

430°C in a period of 10 sec. Finally, sample is cooled down to RT.

Approach #3

Once QDs are formed, substrate temperature is held at QDs growth temperature

for 90 sec (see fig. 4.4c), and then it is dropped down to RT.

4.4.1 Structural characterization and analysis

Figure 4.5 depicts 2D (0.5µm x 0.5µm) AFM images of the resulting surface

nanostructures after the three different temperature treatment. It can be appreci-

ated that despite of the approach used after the 3D island nucleation, the resulting

QDs show semi-spherical shape and high homogeneity.

QD shape Height Lateral diameter Surface density

(nm) (nm) (cm−2)

Approach #1 semi-spherical 6.7 ± 0.2 34 ± 1 7.1 · 10 10

Approach #2 semi-spherical 6.1 ± 0.2 38 ± 1 7.8 · 10 10

Approach #3 semi-spherical 6.1 ± 0.3 31 ± 3 8.1 · 10 10

Table 4.2: Structural and morphological properties summary of 3D nanostructures
resulting from different temperature treatments

As it can be inferred from table 4.2, morphological properties of the QDs hardly

depends on the employed temperature treatment. Dropping sharply the substrate

temperature results in QDs with an average 6.7 ± 0.2 nm height and 34 ± 1 nm

base length. QDs show a high degree of homogeneity and a large surface density

(7.1 · 1010 cm−2) (see figure 4.5a). Samples grown using approaches #2 and #3,

present similar superficial density (7.8 · 1010 and 8.1 · 1010cm−2) to the one obtained

after approach #1, showing a QDs height of about 6.1 ± 0.2 nm and 6.1 ± 0.3 nm,

respectively. Besides, although the three different temperature protocols give rise to

high homogeneity QDs, it can be appreciated that after both #2 and #3 approaches,

samples exhibit a cuasi-bimodal QDs distribution. QDs with at least two different

sizes can be observed. Figures 4.5b and 4.5c point with blue and green circles large

and small QDs, respectively. Sample treated with approach #2 presents islands of

about ∼6.2 nm height and ∼38.9 nm base length (blue) and ∼3.0 nm and ∼13 nm

(green). In the same way, the incoming nanostructure after treatment with protocol

#3 exhibits QDs of ∼13 nm height and ∼70 nm lateral diameter and, ∼6.1 nm and

∼31 nm circled with blue and green, respectively. On the contrary, sample resulting
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(a) (b)

(c)

Figure 4.5: (0.5 µm x 0.5 µm) 2D AFM images of samples grown using temperature
treatments following QDs nucleation.(a) Approach #1. High homogeneous and density
of semi-spherical dots (7.1 10 10cm−2) . (b) Approach #2. Small cuasi-bimodal islands.

(c) Approach #3. Large rounded dots. Two size distribution.

following approach #1 mostly shows one size distribution.

These results highlight the great importance of a postgrowth temperature treat-

ment. In particular, the relevant effect of quenching the temperature after dots

nucleation to obtain uncapped QDs with good morphological and structural quali-

ties.

4.4.2 Photoluminescence characterization and analysis.

Figure 4.6 illustrates the optical emission at LT of the three different samples.

No significant differences can be distinguished from the three PL spectra. All of
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4.4. Effect of postgrowth temperature treatment on quantum dot formation.

them show mostly the same PL intensity with the peak emission energy centered in

0.93 meV. Moreover, neither the FWHM nor the IPL exhibit a meaningful deviation,

as summarized in table 4.3.

Figure 4.6: LT PL spectrum of the sample handled with different temperature ap-
proaches. So significant deviation from the optical properties of each sample.

Peak Energy PL intensity FWHM IPL

(eV) (mV) (meV)

Approach #1 0.93 2.04 10−2 120 2.54 10 −3

Approach #2 0.93 2.04 10−2 123 2.73 10 −3

Approach #3 0.93 1.82 10−2 132 2.53 10 −3

Table 4.3: LT optical properties parameters summary of samples shown in figure 4.6

Conversely, PL at RT exhibits remarkable peculiarities from employing each

temperature treatment after QDs formation (see fig. 4.7). It can be observed an

evident strong emission from the QDs treated rapidly ramping down the temperature

100 C respect to QDs growth temperature within 90 sec and ramping it up again to

its initial value. PL intensity after approach #1 is ∼2 and ∼3 times brighter than

samples handled with protocol #3 and #2, respectively. No energy shift is found

and the FWHM does not significantly deviate, nonetheless the IPL is ∼1.5 and ∼2

times higher than that of the resulting correspondingly to handle with #3 and #2

(see table 4.4).
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Figure 4.7: RT PL spectrum of the sample treated with different temperature proto-
cols. Sampled subjected to approach #1 is ∼2 and ∼3 times brighter than that exposed

to treatments #3 and #2, respectively.

Peak Energy PL intensity FWHM IPL

(eV) (mV) (meV)

Approach #1 0.84 2.17 10−3 100 2.64 10 −4

Approach #2 0.85 7.54 10−4 95 8.47 10 −5

Approach #3 0.84 1.24 10−3 116 1.75 10 −4

Table 4.4: RT PL properties outline of samples shown in figure 4.7

4.5 Discussion and conclusions.

According to our research, it is shown that growth rate and thermal treatment

after QDs nucleation are also of vital relevance on the determination of the morpho-

logical, structural and optical properties of uncapped QDs.

Therefore, the design of an In0.5Ga0.5As SQDs system for the particular issue of

sensing device development, first of all, relies on the refinement and election of the

growing conditions. In view of our results, the choice of an appropriate growth rate,

low enough to yield good quality QDs and high enough to allow QDs nucleation,

it is of extreme importance to reach a high homogeneous system of large QDs den-

sity showing excellent optical emission even at RT. Additionally, the temperature

treatment after QDs formation also resulted to be decisive in both structural and

optical properties of the incoming QDs. Rapidly decreasing the temperature has

been addressed to obtain high structural and optical quality QDs compared with

the other two tested approaches.

With the purpose of sensor devices development, some requirements must be
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taken into account, as stated in the introduction of this thesis work. It is first

needed, that the sample show PL at RT, since it is expected this physical property

to change with the external conditions. Furthermore, it is required a maximum PL

variation when exposing the samples to different environment to endow the sensor

with high sensitivity and efficiency.

The fact that the three samples handled with the different temperature ap-

proaches show nearly the same PL characteristics at LT may indicate that the optical

quality in every nanostructure is very similar. However, at RT the samples exhibit

different PL intensity. Sample subjected to approach #1 shows a PL intensity ∼2

and ∼3 times higher than that of handled with approaches #3 and #2, respectively.

This fact could indicate that maintaining the QDs at a constant temperature could

allow some surface processes such as ripening and rearrangement [116,124], acquir-

ing the dots more favorable energetic sites. Whereas, rapidly dropping the T after

QDs nucleation would freeze the dots in their original sites at the surface. Therefore,

the resulting density of surface states may be given by the temperature treatment

employed after QDs nucleation, and consequently, the PL emission at RT. These

last results could denote a higher reactivity of sample treated with approach #1 to

local surroundings than that of the two others.

In agreement with this, our results suggest that the most appropriate growing

conditions using a V/III ratio of 20 at a QDs growth temperature of 430°C, corre-

spond to a growth rate of 0.07 ML/s and a sharply 100°C temperature ramp down

followed by a rapidly 100°C temperature ramp up, within 3 min postgrowth treat-

ment. The physical processes taking place at the surface, yielding to changes in the

optical emission, will be held and discussed in detail along chapter 5.
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Chapter 5

Influence of the environment on

the optical properties of InGaAs

QDs

The previous chapter was devoted to the analysis of the influence of the growth

parameters on the physical properties of the resulting nanostructure. Now, the

focus will be on the evaluation of the effect of the local environment on the optical

properties of the sample by means of PL measurements.

We will start with the determination of the temperature dependent photolumi-

nescence. PL measurements of a sample containing two quantum dots layers, buried

and unburied, will be conducted in the temperature interval of 14 to 295 K.

Then, we will determine the impact of the vacuum and air on the sample emis-

sion. To corroborate the obtained result, same experiment will be conducted in a

sample containing only a quantum dots layer on the surface. Besides, the influ-

ence of the moisture will be proved by PL experiments in dry (pure gases) and wet

atmosphere (containing water vapor).

Finally, to show the possible impact of the features of the species present in the

environment on the optical properties, PL measurements will be performed in con-

trolled atmospheres comprising dissimilar solvents with different polarity, material

composition and molecular mass.

Eventually, a conclusive discussion of the potential physical mechanisms taking

place at the surface, modifying it and thus varying its properties, will be held.
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5.1 Introduction.

The tremendous effort dedicated to the research of new materials for sensing

applications to improve the ones already existing, together with the recently findings

concerning the physical properties of uncapped QDs open up a novel research area

for such nanostructures.

The main difference of SQDs and BQDs is the presence of a free surface. There-

fore, the several surface-related factors such as dangling bonds, surface states and

strain relaxation could affect the optical and structural properties of SQDs. Strain

relaxation in SQDs is the result of the less stress that they support, since they are

uncapped and the compressive stress induced by the capping layer is suppressed.

This relaxation induces a narrower energy bandgap compared to BQDs, and thus,

emission at lower energies turns possible [22, 25]. Additionally, the intense signal

is proposed to rely on the suppression of nonradiative recombination and on the

high In composition at the surface. Tillmann et al. reported a 74% of InAs in the

outermost surface of InGaAs SQDs [132]. The lower surface recombination veloc-

ity of InAs compared to GaAs [133, 134], prevents carrier loss at the surface giving

rise to a high PL intensity. Besides, it has been found that the optical properties

of SQDs strongly depend on the coupling between surface states and QD confined

states [9,23,135]. This could lead to a high sensitivity of the system to the surround-

ing atmosphere, making it very promising for the development of sensor devices.

In fact, many factors concerning molecule features including its polar character,

its structure, its shape, and its weight have been proposed to be responsible for alter-

ations on the physical properties in similar systems. In 2001, Neuberger et al. found

milliamperes variations in the source-drain current of AlGaN/GaN high electron mo-

bility transistors (HEMTs) when exposing to solvents with different polarity [136].

Additionally, some years later, in 2004, Kang et al. reported large changes in the

same system when subjecting it to various co-polymers solutions [137].

The extremely high sensitivity of some surface nanostructures such as InGaAs

SQDs makes this system very attractive for the development of biological, chemical

and gas sensing devices that would benefit from the high surface-to-volume ratio of

QDs and surface-related effects.

Indeed, along this chapter we demonstrate the impact of the external conditions

on the optical properties of In0.5Ga0.5As SQDs compared to In0.5Ga0.5As BQDs.

And, we further perform an evaluation of the effect of the molecules features, com-

pounding the environment, on the SQDs photoluminescence. We study and report

a deep discussion of the possible processes taking place at the surface endowing the
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system with such high efficiency, sensitivity and selectivity to changes in the local

atmosphere.

5.1.1 Description of the performance and experimental setup.

Two different samples were used to examine the influence of the environmental

conditions and the role of the surface states. First one corresponds to a sample

containing two In0.5Ga0.5As QD layer, a capped and an uncapped (inset fig. 5.1a),

and second sample contains only one surface In0.5Ga0.5As QD layer (inset fig. 5.1b).

These samples will be referred as BQD and SQD, respectively.

Figures 5.1a and 5.1b illustrate their corresponding PL at low (LT) and room

temperature (RT). As appreciated in figure 5.1a, BQD sample has two peaks at 1.178

eV and 0.978 eV at LT, corresponding the highest energy peak to the emission from

capped In0.5Ga0.5As QDs and the lowest to that from SQDs. These are redshifted

70 meV and 90 meV at RT, respectively. Besides, regardless to the temperature,

it is also observed an energy redshift of SQDs emission from that of BQDs. This

shift is mainly attributed to strain relaxation and increased QD height (see fig.5.2 in

section 5.1.1). Due to the absence of the QD decomposition that usually takes place

during the capping process [56] and the lower compressive stress than the one they

suffer when they are capped, SQDs can reach higher heights and emit at shorter

energies. Additionally, there are other factors such as the strong coupling with the

surface states and the quasi–infinite surface potential (–5 eV) that also affect to the

optical properties [25]. Moreover, it can be also recognized a larger PL intensity

decay from LT to RT in case of BQDs than that of SQDs signal emission, two orders

of magnitude compared to a few tens, respectively. The evolution of the PL with

the temperature will be dealt in detail in next section.

BQDs were structurally characterized using transmission electron microscopy

(TEM) by courtesy of Dr. Esperanza Luna in Paul Drude Institut (PDI), Berlin.

Figure 5.2a shows a high resolution transmission electron microscopy (HRTEM) im-

age and figure 5.2b depicts a dark field transmission electron microscopy (DFTEM)

image. From these two images it can be inferred the quality of the sample. It is free

of dislocations and buried QDs are shorter (∼4nm) than uncapped QDs (∼6.7nm).

SQDs were structurally studied by means of an AFM. As it can be deduced from

figure 5.2c, they are highly homogeneous and dense and, on average, their corre-

sponding height and lateral diameter are 6.7± 0.2 nm and 34± 1 nm.

To evaluate the impact of the environment on the optical properties of QDs,

we firstly studied the PL temperature dependence and then, we measured RT-PL

emission under different ambient conditions. We designed a specific set-up and we
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(a)

(b)

Figure 5.1: Corresponding PL spectra at LT (solid line) and RT (green circle line)
of BQD (a) and one SQD sample (b). Every emission peak corresponds to an active
epilayer. BQD sample present two peaks at 1.178 eV and 0.978 eV corresponding to
buried and unburied QD layer, respectively. SQD sample shows one bright PL intensity

peak even at RT.

incorporate it to our current optical bench as it is depict in figure 5.3a. The sample

was placed into a cavity, which can be either pumped out or filled with different

gases at atmospheric pressure. We performed PL measurements under the following

ambient conditions: vacuum, air atmosphere, pure N2, pure O2, and N2 or O2 with

water. The water vapor was obtained bubbling the N2 or O2 through a bottle con-
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(a) (b)

(c)

Figure 5.2: TEM images of BQDs shows their structural quality, free of disloca-
tions.(a) High resolution transmision electron microscopy (HRTEM) image. (b) Dark
field transmission electron microscopy (DFTEM). (c) (1 µm x 1 µm) AFM image of

SQDs. High homogeneity and surface density. SQDs larger than BQDs.

taining water (see figure 5.3b). To determine the impact of the molecule features

presents in the local environment, different solvents including water, ethanol, ace-

tone, chloroform, trichloroethylene, diethylether and toluene were evaluated. The

liquid partially filling a bottle was bubbled using N2 as carrier gas, and the resulting

vapors coming out from the bubbler were driven to the cavity. Those gases and

vapors were constantly flowing, and the flux was changed and controlled using a

needle valve and a flux meter.

In particular, as previously mentioned, among all the chemical traits of the sol-

vents, along this thesis, we concentrate on the molecular mass and the polarity. It is
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(a)

(b)

Figure 5.3: Set-up to perform optical measures under different environmental condi-
tions .(a) Picture of a optical bench highlighting the new elements included to measure
under different gas conditions. (b) Schematic for the bubbler employed to create a

variety of atmospheres containing different species.

noteworthy that the molecular mass relates with the molecule complexity, and thus,

the effect of the weight also reflects the role of the molecule involution in the optical

response. In this study, we will use a definition of the polarity commonly employed

in Chemistry [138]. The determination of the polar character of a specie is of high

relevance to understand its physical and chemical behavior under certain circum-

stances and consequently, much effort has been dedicated from both the physical

and chemical areas to overcome this issue.

From the physicist s point of view, many studies have been published concerning

different parameters tightly related with the polar character of the molecule such

as the dielectric constant and the refractive index. It was in 1878 when Kundt first

demonstrated shifts in the emission wavelength when varying the refractive index in
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a non-polar solvent [139].

At the same time, in the 19th century, chemists documented the influence of

solvents on the rates of chemical reactions and its importance on the position of

chemical equilibria. Nonetheless, it was a bit latter when the use of solvatochromic

dyes were proposed as a measure of polarity. In 1951, Brooker et al. noted that the

absorption peak of some dyes shifted in a non-polar solvent upon the addition of

a higher polar specie [140]. Thus, they reported a great sensitivity of the absorp-

tion peaks of several dyes (based on anines) to changes in polarity of a solvent and

suggested their use for a colourimetric estimation. Some years latter, Kosower, re-

marked this results and proposed that the transition energies, measured in Kcal/mol,

to be adopted as empirical measures of solvent polarity [141]. Thus, dyes became

well-suited indicators and they are currently employed to determine many chemical

traits including polarity, equilibrium constants, free energies and formation of hy-

drogen bonds among others. There are many scales of solvent polarity, but the most

commonly used is the Reichardt´s. In 1968, Reichardt and Dimroth first published

a review on solvent polarity scales [142]. For their measures, they use a N-plenolate

betaine dye (44) and determine the transition energy for the longest-wavelength sol-

vatochromic absorption band of this dye. The solvent polarity, ET (30), is defined as

follows

ET (Kcal/mol) = h · c · ν ·NA (5.1)

being h the Planck´s constant, c the velocity of light, ν the wavenumber of the

photon which produces the electronic excitation, and NA the Avogadro´s number.

5.2 Influence of the temperature in the optical proper-

ties of BQDs and SQDs.

The first study we performed was the determination of the dependence of the PL

with temperature on both QDs layers: BQDs and SQDs. Although many studies

of the impact of the temperature on the photoluminescence of BQDs are reported

in the literature, little is found about the dependence of the optical emission of

SQDs with temperature. Photoluminescence of BQDs generally shows a redshift

and a rapid PL intensity decay when increasing the temperature, in addition with

a s-shape of the FWHM at the middle of the temperature interval [143–145].

Available studies of the temperature dependence photoluminescence of SQDs

reports an abnormal behavior of such uncapped nanostructures compared to that of
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BQDs. Zhou et al. addressed a blueshift relative to the bulk and a FWHM increment

in the temperature interval of 15 to 130K [146]. Moreover, Wei et al. showed a faster

PL intensity decay of SQDs particularly at temperatures below 120K [24].

In this section, we report a detailed investigation of the temperature depen-

dence photoluminescence of SQDs compared to the PL evolution from BQDs with

temperature.

Figures 5.4 and 5.5 illustrate the variation of the different optical parameters

with the temperature of both, SQDs and BQDs. Two general tendencies can be

observed: a global PL intensity decay and a peak energy redshift when increasing

the temperature. Figure 5.4a plots the peak energy as a function of the temperature.

Black solid squares and stars represent energy peak evolution of BQDs and SQDs,

respectively. It can be appreciated that this variation agrees very well with Varshni

law in both BQDs (dash red line) and SQDs (dash green line). However, it can be also

recognized different behaviors including the quenching rate, and the dependence of

FWHM with temperature (see fig. 5.4b). In spite of the general trend of PL decaying

with temperature, PL intensity of BQDs shows different behaviors regarding the

temperature interval. From 14 to 30 K, it sharply decreases and then, it slows its

decay rate until ∼ 70 K. Then, the emission signal newly increases in the interval

of 70-100 K, remaining nearly constant from 100 to 160 K, and, dropping again

when increasing the temperature above 160 K (see fig. 5.5a). According to this,

FWHM firstly decreases when enhancing from 14 to 100 K, and then monotonically

increases with temperature drawing a s-shape variation, as illustrated by the black

solid squares in fig. 5.4b. In contrast, as shown in figure 5.5b, PL signal of SQDs

hardly varies in the range of 14-100 K and rapidly drops in 100-130 K. Then PL

continues quenching at a slower rate. In agreement with this, FWHM shows a

w-shape dependence with temperature. In the middle of the temperature interval

(100-160 K), when PL intensity faster decreases, the FWHM depicts an oscillatory

behavior, first increasing, then decreasing before rising again. Besides, insets of

figures 5.5a and 5.5b shows the integrated PL as a function of the 1000/T(K). Using

Arrhenius equation

k = A · exp

(
−Ea

kBT

)
(5.2)

and solving

lnk = lnA− Ea

kBT
(5.3)

with k the integrated PL, the kB = 8.617 · 10−5eV/K and taking into account the
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factor 1000/T, the corresponding activation energies are

Ea,SQD = 0.038eV and Ea,BQD = 0.18eV (5.4)

From the Arrhenius fit, it is found that the activation energy of SQDs is lower

than that of BQDs, suggesting a rapid PL quenching of SQDs with temperature. The

difference between these two values clearly denotes that the PL quenching in BQD

and SQD is ruled by distinct mechanisms. In the case of the SQD such quenching

may be induced by the activation of nonradiative-recombination centers arisen from

unsaturated bonds. With respect to the BQD, the potential barrier created at the

interface with the capping is the common mechanism degrading the PL intensity at

high temperatures.

According to previously published by Liang et al. where the rapid thermal

quenching of SQDs, the s-shape of the peak energy together with the w-shape of

FWHM are proposed to be signs of the thermally assisted exciton motion via hopping

through localized states [62,147]. It is plausible to suggest that optical properties of

SQDs which shows an intensity PL, a s-shape emission energy peak and a w-shape

FWHM profile with increasing temperature along with the low activation energy

(38 meV), are strongly influenced by the surface states arising from dangling bonds

or defects, creating localized states which could act as nonradiative recombination

centers. The thermally assisted exciton can be trapped in one of this active centers

leading to a PL intensity decrease.

It is worth to emphasize that PL intensity of SQDs completely quenches at 250

K, whereas it is not the case of the signal emission from BQDs. This is consistent

with the relation obtained for the activation energy (Ea,SQD < Ea,BQD). However,

it was found that the uncapped layer recovers its emission at RT and under at-

mospheric pressure (open red star in fig. 5.5b). Red open symbols in figure 5.4

represent the optical properties of BQDs (squares) and SQDs (stars) at RT and in

air atmosphere. It can be observed that despite of the pressure conditions, optical

features of BQDs do not result affected, whereas, SQDs are strongly influenced: PL

intensity completely drops at high temperature and under vacuum, while it shows

a bright PL signal at RT and in air conditions. These results could evidence the

existence of a trade-off between ambient temperature and pressure conditions. This

discussion will be carefully held in next section 5.3.
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(a)

(b)

Figure 5.4: Variation of the emission energy peak and the FWHM with the temper-
ature of both BQDs and SQDs. Solid and open symbols shows the variation under
vacuum and atmosphere pressure, respectively. (a) Peak energy shift with T. Nearly
same behavior from BQDs (solid squares) and SQDs (solid stars). Two samples evo-
lution agrees well with Varshni s law (dot lines). (b) FWHM variation as function of
T of BQDs and SQDs. SQDs exhibit a w-shape dependence (solid stars) pointing to a
strong influence from surface states, while, BQDs show a s-shape evolution typical from

thermally excited excitons [62, 147].
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(a)

(b)

Figure 5.5: Variation of the different PL intensity and Integrated PL (inset) with the
temperature of both BQDs and SQDs. Solid and open symbols shows the variation
under vacuum and atmosphere pressure, respectively. (a) BQDs PL intensity evalu-
tion with T. (inset) Arrhenius fit. (b) SQDs PL intensity variation with T. Emission
quenches at ∼260 C, and again appears at RT and under air pressure. (inset) Arrhenius

fit.
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5.3 Influence of the external conditions on the In0.5Ga0.5As

QDs luminescence.

In this section, the influence of the local surroundings on the optical emission

from BQDs and SQDs will be evaluated. With such purpose, two experiments will

be performed. Firstly, a detailed study of the impact of vacuum and air (T =

21°C, ∼32.5% RH) on the In0.5Ga0.5As QDs luminescence and secondly, a complete

analysis of the variation of the SQDs optical emission with the exposure to the main

gases compounding the air atmosphere (N2, O2 and H2O vapor) will be conducted.

5.3.1 Optical emission under vacuum and in air conditions.

The PL spectra measured under vacuum and in air atmosphere is depicted in

figure 5.6. A strong variation of the PL intensity depending on the surrounding

ambient conditions is found. In air, the PL emission of the sample containing two

QDs layer has two peaks at 1.106 eV and 0.898 eV, as shown in figure 5.6a. The

highest energy peak corresponds to the emission from In0.5Ga0.5As BQDs while the

lower energy peak comes from the SQDs, as it can be proved from the fact that

figure 5.6b corresponds to the PL spectrum of a sample containing only a single

SQDs layer.

In figure 5.6, it can also be observed that changing the environment only af-

fects the SQDs PL intensity. Under vacuum, PL from SQDs is almost completely

quenched, while the PL emission from BQDs remains nearly unalterable under both

vacuum and air conditions. This proves that there is a strong surface effect that

cannot be ignored due to its significant role in the optical properties of uncapped

QDs. The fact of such bright PL intensity of SQDs in air conditions could point

out to a possible physical process decreasing the density of surface states, acting as

nonradiative centers, and therefore improving the PL emission.

5.3.2 Optical emission in atmosphere gases conditions: N2, O2 and

H2O.

According to the results obtained from the analysis of the PL under vacuum

and in air atmosphere, suggesting that some molecules present in the air are pas-

sivating the surface states, and thus suppressing the non-radiative recombination,

BQD sample was subjected to PL measurements under the main components of the

air atmospheres (N2, O2 and water vapor) to determine their effect on the optical

properties of SQDs.
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(a)

(b)

Figure 5.6: RT-PL spectra of BQD sample (a) and SQD sample (b) under vacuum
and air atmosphere. The PL emission from BQDs does nos suffer significant changes

by varying the environment. The PL of SQDs is quenched under vacuum.

Firstly, we conducted an analysis of the PL intensity evolution in different dry

pure gases N2 and O2 atmospheres referred to its PL emission in air. The variation

in the PL intensity of the sample under such different environments is shown in

figure 5.7.

The provided gas flux is fixed to 4 l/min in every case. It is clearly observed

that after exposing the sample to either N2 or O2 only PL intensity from SQDs
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Figure 5.7: RT-PL measurements under different dry ambient conditions compared
to the PL emission under air. The PL intensity of SQD decreases in both N2, O2

atmospheres.

is reduced while the optical emission from BQDs is not modified, underlining the

important role of the surface. It is also recognized that the reduction in the PL

intensity strongly depends on the gas employed to fill the cavity. This reduction is

larger when the samples are exposed to a dry O2 atmosphere (70% peak intensity

reduction) than when they are exposed to dry N2 (37% peak intensity reduction).

Besides, we found that the PL intensity of the sample is recovered when it is exposed

again to an air atmosphere, which demonstrates the reversibility of this effect.

Consistent with these results, the brighter PL obtained in air compared to dry at-

mospheres, it could be plausible to accept the presence of water vapor as responsible

for the change in the optical properties.

To prove the previous assumption, the second experiment we carried out was

the PL characterization under different wet atmospheres: N2+H2O and O2+H2O

compared to the optical emission in air.

In figure 5.8, the PL spectra of the sample exposed to the different humid atmo-

spheres are illustrated. It can be observed that in spite of the ambient gas bubbling

the water vapor, the PL intensity is not affected by the external conditions. There-

fore, the merely presence of water molecules in the local surroundings passivates the

surface thus, suppressing any dependence with the external conditions.

Surface states are suggested as non-radiative recombination centers, and so, the

possible adsorption of water molecules, due to its high polarity, would passivate

these active centers leading to an improvement of the optical properties.
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Figure 5.8: PL spectrum measured in two atmospheres comprised of N2 and O2 mixed
with water vapor. Optical emission remains constant under any vater vapor-containing

environment.

5.4 Impact of the atmosphere composition on the PL.

The fact that the water could be easily adsorbed onto In0.5Ga0.5As SQDs likely

due to its high polarity in addition with the different PL response when exposing

to O2 or N2, could indicate that the optical properties of SQDs greatly depends on

the molecular features of the species present in the local atmosphere. Indeed, many

factors including the polar character of the molecule, its structure, its shape, and its

molecular weight have been proposed to be responsible for similar effects [136,137].

In particular, along this section, we focused on the study of the influence of the

molecule polar character, composition and molecular mass on the optical emission.

A thorough study and a detailed analysis of the adsorption of several molecules and

their impact on the PL intensity of SQDs are presented.

Table 5.1 summarizes the main properties of the different solvents employed

in the PL evaluation. N2 was used as carrier gas for bubbling the species: H2O,

ethanol, acetone, chloroform, thichloroethylene, diethylether, and toluene, being

water the highest and toluene the lowest polar molecule according to Reichardt s

relative scale (ET (30)). This solvent polarity is defined as the transition energy at

the longest wavelength of the dissolved betaine dye (44) measured in Kcal/mol [138].

Besides, on the basis of the molecule composition, two different groups can be de-

fined: oxygen-containing (H2O, ethanol, acetone, and diethylether) and nonoxigen-

containing (chloroform, trichloroethylene, and toluene) solvents. Data in table 5.1

also shows the relative variation of the linewidth, peak wavelength, and peak inten-
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Solvent Normalized Oxygen ∆(FWHM) ∆λ ∆IPL

polarity containing % % %

Water 1 Yes 0 0 0
Ethanol 0.82 Yes -2.8 -0.82 -7
Acetone 0.67 Yes -3.1 -0.19 -9
Chloroform 0.62 No -2.2 -0.87 -23
Trichloroethylene 0.57 No -1.47 0.21 -21
Diethylether 0.55 Yes 1.7 -0.46 -9
Toluene 0.54 No -4.1 -0.41 -23

Table 5.1: Relative variation of FWHM, peak wavelength, and peak intensity of the
PL measured under different solvents with respect to that measured under air.

sity of the PL measured under these solvents with respect to that obtained under

water (the PL intensity measured under water atmosphere is identical to that re-

sulted under air [148]). It can be observed that while the variations in the FWHM

and the emission peak energy are less than 4 and 1%, respectively; there is a strong

variation in the PL intensity (up to 23%). This highest PL intensity variation when

exposing to different solvents compared to the nearly constant FWHM and emission

wavelength, suggests that the shape and size of the SQDs are not affected by the

presence of external agents. However, such strong change in the PL intensity reveals

important surface effects that affect the optical emission by modifying the density

of surface states.

5.4.1 Influence of the molecule polarity

Figure 5.9 plots the normalized PL intensity variation as a function of the nor-

malized polarity of the different solvents with respect to water (the highest polar

molecule used in this study). It can be observed a clear influence of the polarity

on the optical emission, with the general trend of an increasing PL quenching for

lower polarities. However, two different tendencies are appreciated in this graph, ac-

cording to the effect of the molecule composition on the PL intensity. On one side,

when the cavity is filled with oxygen-containing molecules (open circles), the max-

imum decrease of the PL intensity is 90% of its emission in air. On the other side,

when the PL is measured in the presence of nonoxygen–containing molecules (solid

circles), this drop reaches 77% of the emission in air. Furthermore, it is found that

the normalized PL intensity increases monotonically with the polarity in the case of

molecules containing oxygen (water, ethanol, acetone, and diethylether). This trend

can be fit to a growing exponential function as seen in the graph. However, the

mentioned tendency is not observed in molecules that do not contain such element
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(chloroform, trichloroethylene, and toluene).

Figure 5.9: Normalized PL intensity with respect to water as a function of the normal-
ized polarity of the molecule in the environment. Open circles correspond to oxygen-
containing molecules and solid circles correspond to nonoxygen-containing species.

Besides polarity, the strong influence of the presence of oxygen becomes clear

by comparing the optical response under diethylether and toluene. Both solvents

have a similar polarity (34.6 and 33.9 kcal/mol, respectively) [138], but the first one

contains oxygen and the second one does not. As a consequence, a much stronger

PL quenching is obtained in the case of toluene. This result points out that the

adsorption of the molecule does not only depend on its polarity but also on other

molecular properties, as suggested in the literature [136,137].

5.4.2 Influence of the molecular mass.

The normalized PL variation under different species with respect to air versus

the molecular mass of such solvents is shown in figure 5.10. Open and solid circles

represent the normalized PL emission under oxygen– and nonoxygen–containing

molecules, respectively. It is clearly observed that the PL intensity decreases when

the molecular mass of the molecule increases. In the case of oxygen-containing

molecules (open circles), the observed decrease of PL intensity perfectly fits to an

exponential decay law with r–square close to 1, as shown in the graph. These results

demonstrate that the structure of the molecule, and in particular, its molecular

mass, play a critical role in the adsorption process on the surface.

In fact, the molecular mass is closely related to the molecule size and shape.

Therefore, this dependence of the optical emission on the molecular weight also

accounts for the molecule complexity. In turn, the demonstrated high surface den-
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Figure 5.10: Normalized PL intensity with respect to water as a function of molec-
ular mass of the molecule in the environment. Open and solid circles correspond to
oxygen-containing and to nonoxygen-containing molecules, respectively. The PL in-
tensity perfectly fits an exponential decay function in the case of oxygen-containing

molecules.

sity of the In0.5Ga0.5As SQDs sample may complicate the accommodation of large

molecules onto the surface and thus, heavy species are more difficult to place making

less feasible their subsequent adsorption.

5.5 Discussion and conclusions.

From the evaluation of the impact of the environment on the optical properties,

it was firstly found an abnormal temperature dependent PL behavior of SQDs along

with a strong dependence of the optical properties on the external conditions. Evolu-

tion of PL from BQDs with temperature shows the generally observed: an emission

redshift and a s-shape FWHM in the mid temperature interval [143–145]. However,

although SQDs also show a peak energy redshift the FWHM profile corresponds to

a w-shape, denoting a high density of localized states where thermally assisted exci-

ton are trapped [62,147]. Besides, it is of more significance to highlight that after a

complete PL quenching of SQDs, back to atmospheric pressure recovers their bright

PL emission. According to this research, the PL features variation with temperature

could be addressed in the localized states. In the case of BQDs, thermally assisted

carriers could be trapped in these states quenching the PL signal. Nevertheless, re-

sults from SQDs reveal that it must be a trade-off between temperature and pressure

conditions. At low temperature, the surface states are frozen , when increasing the

temperature up to 250 K, excitons start to be able to hop to these states keeping
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trapped, and therefore, completely quenching the PL signal. In air conditions, these

localized states can be filled with molecules in the air, avoiding carriers trapping,

and thus recovering the PL intensity. This perfectly matches with the activation

energies found for BQDs and SQDs. The fact of being Ea,SQDs<Ea,BQDs resolves

further surface-related states, but the energy barriers, as responsible for the optical

response of SQDs with T. It was also observed that PL from BQDs does not suffer

any appreciable variation in spite of the external conditions. However, PL intensity

from SQDs significantly depends on the local surrounding: PL emission quenches

under vacuum, strongly decreases in dry pure gases atmospheres and remains un-

changeable in water-vapor-containing atmospheres. In 1998, Saito et al. proposed

surface states to act as non-radiative recombination centers, thus their suppression

could yield to a large PL emission at RT [22]. The PL quenching of SQDs is likely

due to the presence of surface states arising from the dangling bonds which would

act as non-radiative recombination centers. Under vacuum, photoexcited carriers

are trapped by these active centers, and PL emission is depressed. According to our

experiments, water molecules present in the atmosphere are adsorbed onto the QD

surface, acting as a passivating element. The polar character of the H2O molecule

makes more probable its adsorption filling the dangling bonds, thus reducing the

number of non-radiative recombination centers and allowing the radiative recombi-

nation of the photoexcited carriers.

In fact, after the analysis of the influence of the polar character of the molecule,

composition and molecular mass on the optical emission, the results showed two

main trends: PL intensity decreases when decreasing the polarity, and PL decays

when increasing the molecular mass, corroborating what was previously proposed

in the literature [136, 137]. The former evidences the large spatial charge density

as a critical factor to the molecule first be attracted and then adsorbed onto the

semiconductor surface. Additionally, the latter refers not only to the importance of

the molecular mass to adsorption to occur but also, to the molecule complexity to

be placed and accommodated onto the surface. Actually, our results demonstrate

that high polarity, lighter and less complex molecules are more likely adsorbed.

Besides, the presence of oxygen in the specie has been proved to be decisive for the

adsorption feasibility. In case of oxygen-containing molecules, the tendency of the

normalized PL intensity with both, the polarity of the molecules and the molecular

mass fits an exponential law, which is not the case of nonoxygen-containing species.

Moreover, the PL intensity reduction is higher in nonoxygen-containing molecules a

77% compared to 90% of the emission in air.

In general terms, topmost atoms on the In0.5Ga0.5As SQDs correspond to III-
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elements or As-dimers which may be unsaturated resulting in dangling bonds and

thus, in localized states. In 2000, Kruse et al. demonstrated that on a GaAs(100)c(2x8)

reconstruction and in spite of the nature of the topmost atoms, the reaction with

the nearby III-element is thermodynamically favored [149]. Additionally, Guo-Ping

et al. also reported that oxygen is more likely gathered around Ga than around As

in a GaAs(100) surface [150]. Consistent with these two statements, it is plausible

to suggest that the incoming molecule would be first attracted by the large charge

density at the surface, but it would be finally associated with the group-III element.

Besides, in 2002, Lebedev showed that the adsorption process and the adsor-

bate reactivity are able to rearrange the surface atoms and to modify the electronic

structure and consequently, the physical properties of the nanostructure. According

to this study, the reactivity of the molecule is related with the spatial distribution

of its electron density, and therefore, with its polarity. Moreover, it can be charac-

terized in terms of the ionization energy and the electron affinity, which depend on

the molecular composition and the molecular weight [151].

Although our system based on In0.5Ga0.5As SQDs presents a more complex

situation, where apart from surface discontinuities other factors including the In-

segregation and the creation of facets may be taken into account, for a first rough

analysis the statements mentioned above can be assumed. Thus, oxygen-containing

molecules may be pointed out to be more reactive than nonoxygen-containing ones

since, they are expected to show a high spatial distribution of charge as a conse-

quence of showing a higher electron affinity due to the merely fact of containing

oxygen. Furthermore, the correlation of the polarity (reactivity) of the molecule

with the change in the semiconductor surface properties becomes very likely. In

particular, when the molecule is close to the sample´s surface, it positions itself

according to the surface charge, being subsequently adsorbed (see fig. 5.11).

Out of the ideal situation and going deeper in the discussion, it is needed to

consider the complexity of the In0.5Ga0.5As SQDs system and deal with the different

features of the nanostructures.

The fact of having In-based QDs add the difficulty of In-segregation to the system

affecting the physical properties of the surface. Indeed, In tends to segregate towards

the top of the dots, and consequently, strongly influences the strain into the QD and

surface related factors [127,152]. Additionally, as a result of growing at slow growth

rate, the QDs present a large size giving rise to different facets [126]. This facets

make the reactivity of the QDs orientation dependent and therefore, the adsorption

process would be also a function of the QD facet.

The feasibility of adsorption process mostly relies on the chemical reactivity of
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Figure 5.11: Schematics of the adsorption of water molecules onto InGaAs surface.
Environment molecules position themselves facing the negative dipole towards the pos-

itively charged QD surface.

the molecule and on the balance between the van der Waals forces and the ther-

mal energy (kT) [136]. However, it is of high importance to take into account the

complexity of both the adsorbate and the surface nanostructure.
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Chapter 6

Influence of the environment on

the electrical properties of

sensor devices of SQDs

To continue with the study of the influence of the environment on the physical

properties, a narrow analysis of the electrical response as a function of the external

conditions will be carried out in this chapter. 2-dimensional GaAs and In0.5Ga0.5As,

in addition with a 3-dimensional In0.5Ga0.5As surface nanostructures are studied to

determine the importance of both, material and surface morphology in the sensitivity

of the sample to environmental changes. Among the different external conditions

affecting the physical properties of surface heterostructures, in this chapter, we will

focus on the impact of the illumination and the humidity conditions on the samples

response.

The effect of the local moisture is evaluated at a certain illumination. I-V charac-

teristics are measured in every sample under different atmospheres. The evaluation

of the impact of vacuum and air atmosphere is first conducted. Then, the influence

of the relative humidity on the electrical properties of surface quantum well (SQW)

and surface quantum dot (SQD) samples is studied.

The impact of the illumination is determined by both, studying the I-V change

when switching from dark-to-photo conditions, and evaluating the effect of the en-

ergy of the incident light on the I-V characteristics. The electrical response of

In0.5Ga0.5As SQW and SQD samples is studied under different light powers, from

darkness to illumination at 12.4µW. Following these results, In0.5Ga0.5As SQD is

exposed to light of different energy: above and below the GaAs band-to-band energy

(Eg∼1.42 eV), by means of visible and infrared LED´s, respectively.
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Finally, a discussion of the possible physical mechanisms taking place on the

surface which could be proposed as responsible for this variation of the electrical

properties will be presented.

6.1 Introduction.

Along this thesis In0.5Ga0.5As SQDs [148,153] have demonstrated exceptional op-

tical features for sensing applications. In fact, as disclosed in chapter 5, In0.5Ga0.5As

SQD reveals a high suitability for the development of sensing devices due to the re-

markable operational difference under dissimilar environments.

Design, development and fabrication of a sensor must be in accordance with

the type of sensed molecule and the physical property which will endow the sen-

sitive character to the sample. With regard to In0.5Ga0.5As SQDs, it has been

already reported that the optical properties strongly depend on the external con-

ditions. Thus, a sensor based on the change of the photoluminescence could be

adequate to characterize the local environment. However, the implementation of

the electronics to display the optical changes is an obstacle and could make this

sensor unfriendly to the user. On the contrary, electrical response variation could

be easily monitored which would facilitate the device fabrication. Therefore, with

the aim of developing a sensor based on the change of the electrical response, an

explicit I-V characterization as a function of the external condition is carried out

along this chapter. Experiments were designed and performed according to the re-

sults obtained for the optical response to external conditions: PL intensity decreases

under dry atmospheres, quenches under vacuum and is maintained in water-vapor

containing atmospheres.

The increasing interest in humidity sensors indicates the high importance of

controlling the water vapor content in the environment in every kind of applications,

from domestic to industrial. A good humidity sensor must satisfy some requirements

such as, high sensitivity, short time response, reversibility, and long-term operation

among others. In the last years, many materials including among others porous

Si, carbon nitride films and QDs, along with graphene have been proposed as good

candidates for humidity sensors. However, some of them present disadvantages

including hysteresis problems and inhomogeneity which could difficult the recovery

process and deteriorate their sensitivity, respectively [5–7,154,155].

Incidence of light in a semiconductor is known to affect the electronic properties

of the surface [156–158]. Moreover, illumination has been also suggested to act on
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the adsorption process changing the adhesion rate and the activation energy [159].

Nonetheless, little is known about the impact of the light on InGaAs surface nanos-

tructures.

In this work, we demonstrate the influence of the humidity and the lighting on

the electrical response of uncapped In0.5Ga0.5As nanostructures. And, we further

propose In0.5Ga0.5As SQDs as an excellent choice for humidity sensing applications

providing a high optical and electrical quality and conforming most of the require-

ments for sensor operation and also involving easy implementation.

6.2 Device description and experimental details.

To evaluate the influence of both: material and sample morphology on samples

sensitivity and to demonstrate the advantages of SQDs over the others for the de-

velopment of sensor devices, three samples with different surface composition were

carefully analyzed. The set of samples is composed of a reference sample of 1.5

µm GaAs thick layer (sample 1), a 2D In0.5Ga0.5As SQW layer (sample 2) and a

3D In0.5Ga0.5As SQDs layer (sample 3)(see fig.6.1a,6.1b and 6.1c). All the samples

were grown by MBE following the method addressed in chapter 4 and the deposited

material of InGaAs nanostructures was 2.8 ML (below the critical thickness 4.4 ML)

for SQW and 6 ML for SQD. As it can be observed in figure 6.2, sample 1 and 2

present a smooth surface (average roughness 0.29 and 0.30 nm, respectively) and

sample 3 exhibits QDs with 6.7± 0.2nm height and 34± 1nm lateral diameter.

(a) (b) (c)

Figure 6.1: Sample structures: (a) GaAs, (b) 2.8ML In0.5Ga0.5As SQW, and (c) 6ML
In0.5Ga0.5As SQD .

In order to be able to perform I-V measurements, the samples were processed

with two metal square (L=150µm-side) contacts of Ti/Au (10/130 nm) separated by

W=70µm (see fig. 6.3). These contacts were not annealed to ensure the conduction
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(a) (b) (c)

Figure 6.2: (1.0 x 1.0 µm2) AFM images of samples: (a) 1.5 µm thick GaAs layer.
Average roughness of 0.29 nm. (b) In0.5Ga0.5As SQW. Average roughness of 0.30 nm.
(c) In0.5Ga0.5As SQD, QDs are 6.7 ± 0.2 nm height and 34 ± 1 nm lateral diameter.

The QD density is 1.7× 1011cm−2

through the wetting and SQDs layer. Two kinds of electrical experiments were

conducted, as it will be discussed along sections 6.3.1 and 6.3.2. The first one

consists of I-V measurements in air and under vacuum conditions by means of a Janis

CCR10-1 probe station. The second one develops the evaluation of the electrical

response of the samples under different relative humidity and lighting conditions

in the local atmosphere. For such purpose, we designed a specific set-up which

allows the setting of a certain relative humidity (RH) and intensity light in the

surroundings. To facilitate the last I-V measurements, samples were encapsulated

in a TO-8 and bonded with Au wire (fig.6.3b). In both measurements a HP4145

parameter analyzer was used.

(a) 150 µm-side Ti/Au (10/130nm) con-
tacts separated by 70 µm.

(b) Au bonding for TO-8 encapsulated

Figure 6.3: Processing for I-V characterization

The analysis of the change of the electrical response is made comparing the
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resulting sheet resistance under different external conditions. Rsh is calculated using

the equation 3.16, with W=70µm and L=150µm.

Rsh = R
L

W
(6.1)

Despite the fact that the setting of a certain relative humidity could be thought

to be easy controlled, the acquisition of an accurate humidity percentage in the

environment results to be a great challenge. Several methods for humidity generation

are proposed in the literature. Among others, the two most commonly used are

generation of RH by using saturate aqueous solutions [6], and by two diverted flows

system [160]. The first one is based on the saturation of aqueous solutions of LiBr,

CH3COOK, MgCl2, K2CO3, Mg(NO3)2, NaBr, NaCl, KCl and KNO3 and KNO3 to

yield a RH of 7%, 23%, 33%, 43%, 54%, 59%, 75%, 85% and 95%, respectively [6].

The second one lies in acquiring a certain relative humidity by means of mixing two

flows, one with dry nitrogen and the other with water vapor saturated nitrogen.

Controlling the final ratio of both flows, the RH can be accurately controlled [160].

The last method shows the advantage over the other, of setting any relative humidity

value, which is not possible in the first method where the RH is fixed to the solution.

In this thesis, the mechanism used to procure different relative humidity in a local

environment is based on the two flows mixing control.

Figure 6.4a shows a schematic of the designed set-up. It comprises a hermetically

closed box where the sample is located. This box is equipped with an inlet and an

outlet for the gas mixture, a hygrometer to monitor the relative humidity inside the

cavity, and a light emitting diode (LED) (see fig. 6.4b). The RH in the final gas

is accurately established by means of mixing dry N2 and N2 saturated with water

vapor, being the corresponding fluxes perfectly controlled by using two needle valves.

The evaluation of the impact of the light is performed using the same set-up

with different illuminating energy sources procured by an infrared and visible LED.

A Keithely 220 programmable current source was used to supply different light

intensities making feasible the determination of the effect of the light power on the

electrical response.

6.3 Electrical response in different humidity conditions.

Samples are electrically characterized as a function of the external conditions by

means of carrying out two different experiments. From a previous rough evaluation

of the impact of the light on the I-V characteristics, it was found that light plays a
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(a)

(b)

Figure 6.4: Designed set-up to modify and accurately control the relative humidity in
the local environment. A final gas composed of a mixture of dry N2 and H2O saturated
N2 is used. By means of varying the flux of water vapor and dry N2, different relative

humidity is yield. (a) Set-up schematic. (b) View of the cavity inside

significant role on the electrical response as it will be discussed in detail in section

6.4. Therefore, both experiments are performed under illumination. The first one

involves the study of the electrical response under vacuum and in air conditions in

ambient lighting, and the second one evaluates the impact of the local moisture on

the I-V response using a red LED (λ ∼ 1.7 eV) at 3.6 µW.

6.3.1 Effect of air and vacuum atmospheres.

A comparison of the change in the Rsh of the 3 investigated samples measured

under vacuum and in air (T = 21 C, ∼32.5% RH) is depicted in figure 6.5. All three

samples show an electrical dependence on the external conditions. Nevertheless,

despite that fact, the surface morphology seems to play an important role on the

surface sensitivity. As it can be observed in figures 6.5a and 6.5b, samples 1 and 2

are less affected by the local environment, Rsh reduces a 31% and a 20% from their

response under vacuum to their value in air, respectively. Nonetheless, as it can be

appreciated in figure 6.5c a dependence of a 99% from the response in vacuum to air is

found in the case of sample 3 (InGaAs SQDs). Additionally, it is also recognized that
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the three samples exhibit different resistance-voltage variation tendencies. Although,

it is difficult to give an explanation to such finding, this might be ascribed to the

combination of the shape and composition of the nanostructure, since each tendency

is characteristic of its respective sample. Besides, it is worthwhile to mention that

the resistance, and thus the sheet resistance, is calculated taking the derivative of

the I-V curve, therefore slight features may appear for an applied bias of 0V or close

where the weak value of the current cannot be accurately resolved.

Such results reveal the high importance of both, the surface morphology and

surface-to-volume ratio in the sensitive feature of the sample. Besides, Rsh of this

sample under vacuum is ∼3 and ∼2 times more resistive than that of samples 1

and 2, respectively. This could be tightly related to the presence of a larger number

of surface states acting as traps for carriers, as well as of energy barriers for the

electron motion through the wetting layer-QD system.

Such different response between a 2D and 3D surface nanostructure could be also

linked with the larger surface of a QD covered area (A’) compared to an uncovered

area (A). To show the high relevance of the surface area in the electrical properties,

the ratio between a QDs covered and an uncovered surface is estimated. Focusing

on a 2D and a 3D nanostructure of the same material (sample 2 and sample 3,

respectively) and assuming a semi-oblate spheroid shape for SQDs (see fig.6.6) to

infer the surface related to these structures, the A′

A ratio is calculated. The area of

an oblate spheroid is been given by:

S = π ·

[
2 · r2 +

h2

e
· ln

1 + e

1− e

]
(6.2)

with h = 6.7nm (QD height), r = 17nm (semi-lateral diameter) and e = 0.919

(excentricity)

e =

√
1− h2

r2
(6.3)

The lateral area of a QD would correspond to SQD =
S

2
. Considering these data,

the estimated SQD is 1.15 · 10−11 cm2. In agreement with the large density of QDs

(σ=1.7 · 1011cm−2) it is plausible to assume a complete QD covered area. Thus, A’

can be written as:

A′ = σ ·A ·SQD (6.4)

Thereby, the ratio between the total covered area and an uncovered area is given as:
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(a)

(b)

(c)

Figure 6.5: Rshvariation under air (T = 21 C, RH ∼32.5%) and vacuum of (a) the
reference GaAs sample (sample 1), (b) a sample containing a single SQW layer (sample

2), and (c) a sample containing a single SQD layer (sample 3).
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6.3. Electrical response in different humidity conditions.

A′

A
=

σ A SQD

A
= σ SSQ (6.5)

The resulting ratio is σ SQD = 1.95.

Figure 6.6: Semi-oblate spheroid as-
sumed as QDs morphology with h and r
corresponding to the height(6.7± 0.2 nm)
and the semi-lateral diameter(34±1 nm),

respectively.

The resulting ratio between covered and

uncovered surface perfect correlates with

the relation of the Rsh under vacuum of

an InGaAs SQD and SQW. It was experi-

mentally obtained that under vacuum, SQD

sample was ∼2 times more resistive than

SQW sample. This factor agrees with the

relation of the areas. Sample 3 is ∼2 larger

than sample 2. Thus, it seems plausible to

accept the extension of the surface in addi-

tion with the surface morphology as significant factors for the resistive character of

SQD under vacuum. Besides, this ratio could also play an important role in the

sensitive character of the system.

The influence of the external conditions on the electrical response inferred from

figure 6.5 reveals, as previously commented, a noticeable change in the case of sample

3 compared to samples 1 and 2. When the local atmosphere changes from vacuum

to air, the Rsh of SQD sample significantly decreases up to two orders of magnitude

leading to a strong increase of the surface conductivity. This effect could be directly

linked with the presence of moisture in the air. In fact, as it was shown for the

optical properties in chapter 5, the presence of a high density of water molecules

in the surroundings makes more likely water molecule adsorption onto the surface,

leading to important changes in the physical properties of the system: improving

the photoluminescence and the conductivity in case of the optical and electrical

properties, respectively.

Conversely, electrical response of In0.5Ga0.5As SQW remains almost unalterable

when changing the environmental conditions whereas, the response of SQDs greatly

correlates with the alteration in the surroundings.

6.3.2 Influence of the humidity on the I-V properties of SQWs and

SQDs nanostructures.

In this section, the influence of the RH on the I-V characteristics is evaluated.

Experiments are performed under illumination using a red LED with a power of

3.6 µW. To determine the effect of the relative humidity in the atmosphere on
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the electrical response of In0.5Ga0.5As nanostructures, different experiments will be

conducted. The first study consists of a rough evaluation of the electrical response

of the In0.5Ga0.5As SQD sample to human breath (∼ 48.8% RH) at 24 C. Figure

6.7 shows 4 cycles of the Rsh variation of sample 3 at a constant voltage of -2V with

self- and dry N2 assisted-recovery (fig.6.7a and fig.6.7b, respectively). The cycles

comprises 20 seconds exhalation and the time needed to recover to initial conditions.

It can be clearly recognized a high sensitivity, short time response and reversibility

of the system. Once the exhalation starts, the Rsh instantaneously drops and, at

the time the exhalation stops, the Rsh automatically starts to recover its initial

value. From the experiment, it can be deduced that the adsorption is faster than

the desorption process which can be tightly related with the longer recovery time

compared to the response time. Once water molecule is physisorbed, it requires

more time to leave the surface, and therefore gives rise to a slower recovery process.

However, we found that at 24 C, such effect can be accelerated by means of blowing

the sample with dry N2 (see figure 6.7b). After 20 second exhalation, the N2 assisted-

recovery is almost five times faster compared to self-return.

(a) (b)

Figure 6.7: Several cycles of the electrical response to human breath (RH ∼ 48.8%)
at a constant voltage of -2V and at ambient temperature of 24 C. (a) Self-recovery after
10s exhalation. Sheet resistance significantly decreases when blowing starts. The inset
shows an schema of the setup used for the measurement. (b) N2 assisted-recovery after
20s exhalation. N2 supported recovery is almost five times faster than spontaneous

recovery

After dry N2 exposure, the sample becomes more resistive. Such fact can be

closely related with the concentration of water molecules in the surroundings. Sub-

sequent to N2 blowing, the density of water molecule decreases and thus, the Rsh

increases. This effect will be carefully discussed in section (6.3.2.2).

Human breath is composed of many components including N2, O2, carbon diox-
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ide (CO2), carbon monoxide (CO), small fractions of nitric oxide (NO) and some

volatile organic compounds and a high concentration of moisture which overwhelms

all the rest [161] [162] [163]. Indeed, most of the chemical reactions in similar systems

take place due to the interaction of surface with moisture [164] [165].

To evaluate the impact of the moisture on the electrical response of In0.5Ga0.5As

nanostructures an extensive analysis of the influence of the RH on the Rsh of sample

2 and 3 is disclosed in detail in sections 6.3.2.1 and 6.3.2.2, respectively. Nanostruc-

tures are electrically characterized in a local atmosphere whose RH varies from 0%

to 70% in steps of 10%.

6.3.2.1 I-V characteristics of SQW.

As stated above, in section 6.3.1, SQW electrical properties does not exhibit any

substantial change under different environments: Rsh reduces a 20% from vacuum

to air conditions. To finally conclude that the impact of the local atmosphere on

the electrical response of a SQW sample can be safely neglected compared to the

reaction of a SQD structure, a narrow I-V characterization as a function of different

RH in the surroundings was performed. SQW sample presents a Rsh of about 3MΩ

and such value is practically stable despite the external conditions. Figure 6.8 shows

the Rsh variation as a function of the applied voltage and RH in the atmosphere,

and in fact, it can be observed that regardless of the water vapor percentage in the

local surroundings, the Rsh remains mostly unalterable.

Figure 6.8: Rshvariation of SQW sample as a function of the voltage and relative
humidity in the atmosphere.
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6.3.2.2 I-V characteristics of SQDs.

Same experiment was conducted in sample 3. Figure 6.9a illustrates the variation

of the sheet resistance as a function of the applied bias for different relative humidity

conditions in the local atmosphere. It can be identified a clear dependence of the

Rsh on the moisture yielding to a characteristic variation of more than one order of

magnitude from 0 to 70% the RH.

(a)

(b)

Figure 6.9: (a)Rsh variation of SQD sample as a function of the voltage and relative
humidity in the surrounding air. (b) For a set of reverse bias, Rsh closely follows an
exponential decay indicating saturation effects. Curves are vertically shifted for clarify
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When RH increases, the Rsh decays leading to a higher surface conductivity.

For a certain bias above 1V (in both forward and reverse voltage) the Rsh reduction

follows an exponential decay law denoting the saturation process. This behavior

is hardly dependent on the working bias. Figure 6.9b plots the Rsh variation as

a function of the local humidity for a set of reverse applied bias (-1, -2 and -3V).

Curves are vertically shifted for clarify. It is clearly observed how Rsh rapidly drops

for small changes in the humidity from a dry environment and then evolves towards

a minimum value. In spite of that, it is still possible to resolve differences in the

electrical response in the saturated region. These results show the high sensitivity

of the SQD sample to the changes in the local moisture, making this system very

suitable for the development of humidity sensors. Besides, the larger Rsh decay

suffered by the SQD sample compared to the one exhibited by SQW accounts for

other surface effects, apart from the surface-to-volume ratio, as responsible for these

findings. Indeed, as stated along this thesis, the QD complexity and particularly

their large size and composition may give rise to different facets in the dot making

the surface more reactive and subsequently, more sensitive to external agents.

6.4 Electrical response under different illuminating con-

ditions.

The impact of the illumination on the electrical response of sample 2 and 3 is

evaluated in this section. A narrow analysis of the I-V characteristics as a function

of the RH in the atmosphere under light of different energy: infrared light emitting

at 1.3 µm (∼ 0.95 eV), in the range of SQD band-to-band energy (E∗g) and therefore

below GaAs bulk (Eg), and visible light, by means of a blue (λ ∼ 2.7 eV) and red

LED (λ ∼ 1.7 eV), above the Eg.

6.4.1 Impact of light on the I-V characteristics.

An electrical analysis as a function of the incident light power and relative hu-

midity conditions is performed in both, sample 2 and 3. I-V characteristics are

measured under a constant incident blue light power and varying the RH in the lo-

cal atmosphere from 0% RH (dry) to 60% (saturated region: RH 50%, Rsh reaches

its minimum [166]). Such sequence is repeated for several LED powers: 0 (darkness),

1.6, 4.0, 7.4, 11.0, 12.4 µW.

Figure 6.10a and 6.10b show a comparison of the Rsh evolution of samples 2

and 3, respectively, under different light and RH conditions for a constant applied

voltage of -2 V. Consistent with this comparison, a high importance of the surface
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morphology can be deduced. SQW sample does not exhibit any influence from the

two mentioned parameters: there is no link between the Rsh and the local moisture,

and the photo-to-dark Rsh variation is very small and remains mostly constant (∼0.3

MΩ) with the RH as revealed in figure 6.10a. On the contrary, SQD sample shows a

strong correlation between the variation of the Rsh and both, RH and incidence of

light (see figure 6.10b). Under dry conditions and in spite of the power of the incident

light, the surface conductivity persists nearly unalterable when changing from dark

to photo conditions. However, when increasing the humidity in the environment,

it is observed a gradual Rsh decay of one order of magnitude from dark to light

conditions. In a high moisture environment (i.e. 60%) such ratio corresponds to

∼49. Two different tendencies of Rsh tightly related with the external agents can

be also recognized in figure 6.10b. First trend is linked with the illumination. For a

certain humidity and under lighting conditions, Rsh slightly varies with the power

of the impinging light. Second tendency is connected with the local moisture in the

environment. At a constant incident power, the Rsh gradually decreases with the

RH towards its saturation value at 50% of RH, remaining almost unchangeable for

higher relative moistures.

(a) (b)

Figure 6.10: Rshvariation as a function of the blue LED power and RH in the local
atmosphere at a bias voltage of -2 V. Response of sample 2 (SQW) (a) and sample
3(SQD) (b). Rshsuffers a negligible variation in case of SQW, whereas the Rsh change

is significant in 3D nanostructure.

According to these results, it can be concluded that the change of Rsh requires

both, a humid atmosphere and photoexcitation.
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6.4.2 Impact of the energy of the incident light on the I-V charac-

teristics of a SQD sample.

Photoexcitation process is analyzed by means of an electrical characterization of

sample 3 employing light with different energies by means of an infrared light with

an emission energy of ∼0.95 eV (hν <Eg), and a blue and a red (hν >Eg) LED.

Rsh as a function of the applied bias was previously found to present a symmetrical

response, see section 6.3.2 [13]. Thus, as a representative value, in this study we

focus on reverse bias region in order to perform a complete analysis.

Figure 6.11a shows the Rsh curves of SQD sample as a function of the reverse

applied bias under infrared irradiation (green open stars), red light (red open trian-

gles) and blue light (blue solid triangles) at a saturated RH of 50%. As reference,

the Rsh in darkness at the same RH of 50% (open squares) is also shown. It can be

observed a significant difference on the electrical response with regard to the energy

of the excitation light. On one hand, no shift is found from darkness to infrared ir-

radiation (1.2 µW) conditions. On the other hand, under visible light, it is observed

a similar tendency of the Rsh with the bias voltage when illuminating either with

red or blue light. For voltages above -0.25 V and despite the energy of the visible

light, the effect of dark-to-photo conditions at a power of 1.4 µW (red LED) and

1.6 µW (blue LED) causes a Rsh reduction of more than one order of magnitude.

Figure 6.11b shows the sheet resistance for different values of the RH, at -1.5, -2

and -2.5 V bias voltage for an infrared LED power of 1.2 µW and red and blue LED

powers of 1.4 µW and 1.6 µW, respectively. As it can be observed, under infrared

irradiation no impact of the local humidity on the electrical response is found. Con-

versely, the effect of the visible light is strongly dependent on the local moisture

despite of its energy. In a dry atmosphere, the illumination does not affect the Rsh.

However, under visible light and humid atmosphere, the Rsh greatly decreases. Such

reduction is significantly remarked at high RH conditions (a factor of ∼20 between

RH=0% and RH=60%). These results indicate that the change in the electrical re-

sponse is a consequence of a photoinduced process and it is extremely vulnerable to

molecule water percentage in the surroundings. Furthermore, the photoexcitation

process arisen due to surface irradiation is shown to be dependent on the energy of

the incoming light.

6.5 Discussion and conclusions.

According to the results obtained from the first rough evaluation of the electrical

response to human breath a new scope for In0.5Ga0.5As nanostructures research was
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(a)

(b)

Figure 6.11: Electrical response of a SQD sample in different lighting and external
conditions. (a). Electrical response to infrared, red and blue light (green open stars,
red open and blue solid triangles, respectively) in a humid atmosphere (50%) compared
to darkness (open black squares). Rsh varies up to one order of magnitude when
illuminating either with red or blue light. However, incidence of infrared light does not
produce any change in the Rsh . (b) shows the Rsh variation as a function of the applied
bias at a RH of 50% and light power of 1.2 µW, 1.4 µW and 1.6 µW for infrared, red

and blue irradiation, respectively.
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opened. Along this chapter, the electrical response of three different samples as a

function of the external conditions has been shown. An accurate analysis of the

influence of the relative humidity and lighting conditions on its I-V characteristics

has been reported.

Both agents: moisture and illumination, have been proved to be highly relevant in

the electrical behavior of the samples [167]. In section 6.3 was presented the impact

of the local moisture in the I-V characteristics. In section 6.3.1 a Rsh reduction of

a 99% was shown in the case of SQDs compared to a 31% and a 20% decay in case

of sample 1 and 2, respectively, when changing the atmosphere from vacuum to air.

Besides, under vacuum, sample 3 has resulted to be more resistive than sample 1

(∼3 times) and 2 (∼2 times). The effect of the RH on the I-V In0.5Ga0.5As surface

nanostructures response was disclosed in section 6.3.2.

Figure 6.12: Comparison of the electrical response of SQD and SQW sample to the
relative humidity

Figure 6.12 summarizes the resulting Rsh variation of SQW and SQD samples

when changing the RH conditions. From this comparison, it can be observed that

sample 2 does not exhibit any correlation with the change on the moisture condi-

tions. However, the response of sample 3 to changes in the RH defines two regions.

Below 50%, high sensitive zone, the Rsh of SQD decreases by more than one order

of magnitude, while above 50% the dependence of Rsh on the RH becomes weaker

and the system turns less sensitive. These results evidence that the sensitivity of

the surface to ambient not only depends on the material itself, but also on the mor-

phology of the nanostructure. In particular, the effect of the surface-to-volume ratio

of SQD is revealed by the outcomes obtained under vacuum, where the Rsh of the
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QDs is twice the Rsh of SQW sample. This has been proved to match well with

the QD covered-to-uncovered surface ratio (∼ 2). Nonetheless, to demonstrate the

importance of both combination of both material and morphology for the sensitivity,

we subjected an InAs SQDs sample to different moist conditions at a certain visible

illumination of 7.4 µW. As it can be observed in figure 6.13 the electrical response

Figure 6.13: Rsh variation of InAs SQDs sample as a function of the applied voltage
and relative humidity in the local environment.

of the InAs SQDs is not really affected by the external conditions. This fact along

with the great variation of the electrical response of the SQDs sample compared to

that of the SQW, account for other processes, not just related to the morphology or

compositon, altering the I-V characteristics. In turn, the resulting Rsh variation of

these two latter samples under different external agents such as moisture and illumi-

nation, points out to other phenomena at the surface to be the main responsible for

this significant deviation between the SQDs and SQW electrical response. In fact,

preliminary results from scanning tunneling spectroscopy (STS) measurements, by

courtesy of Dr. J. Méndez and I. Hernández from IMM-CSIC, evidence the exis-

tence of a higher density of surface states in the SQDs sample than in the SQW.

And furthermore, these findings demonstrate a monotonous correlation between the

reduction of the density of surfaces states of the SQDs sample with increasing the

water vapor pressure in the local atmosphere. Meanwhile, the density of surface

states of the SQW sample remains nearly unalterable. Thus, it is plausible to pro-

pose the specific states on the In0.5Ga0.5As SQDs facets as main responsible for the

samples sensitivity to external conditions.

The effect of the illumination on the sample sensitivity was shown in section
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6.4. On one hand, a comparison of the impact of such agent on the electrical

response of SQW and a SQD sample was discussed in section 6.4.1. SQW suffers

a negligible change in the surface conductivity with both agents: illumination and

relative humidity. On the contraty, Rsh of SQD experiences a decay of one order of

magnitude at high relative humidity from dark-to-photo conditions.

On the other hand, the energy of the impinging light has been proved to play

an important role on the sensitivity of the sample to show changes in the electrical

response when modifying the external conditions (see section 6.4.2). Rsh reduces

up to one order of magnitude when illuminating with an incoming light with energy

above the bandgap (hν >Eg) and remains nearly constant under infrared illuman-

tion (hν <Eg).

The coverage of the surface with adsorbed water molecules can alter the physical

properties of the surface. It has been previously reported the effect of such adsorp-

tion on the optical properties, attributing the enhancement of the optical emission

to the reduction of the density of active surface states after the physisorption pro-

cess. Surface states have been previously suggested as responsible for the change

in the optical properties of SQW [120,135, 168] and SQD [22,148, 153]. Concerning

the electrical response, the Rsh decay may also be related with the reduction of the

surface states by means of water molecule adsorption, a process that would benefit

from the high polarity of the molecule [153]. When a state is empty, a carrier can

be trapped, lowering the density of carriers on the surface and thus decreasing the

surface conductivity. Conversely, when these states are linked to a water molecule,

they turn into nonactive centers, making consequently carrier trapping less proba-

ble and leading to an increment in the conductivity. Moreover, Han et al. addressed

that on negatively charged oxygen ion surfaces, which is typical in air conditions, the

adsorbed water molecules act as electron donors [161]. Thus, water physisorption

could not only passivate the surface but also release electrons, which could lower

the band bending and promote the carrier´s motion. Because the increment of the

relative humidity is directly related to the number of water molecules in the sur-

rounding air, the probability of molecule adsorption increases with the RH, giving

rise to a less resistive system and therefore, promoting the surface conductivity. De-

spite the fact that the number of water molecules can be continuously increased in

the atmosphere, the Rsh reaches a saturation value because the number of available

surface states is reduced and new incoming molecules cannot be physisorbed. Thus,

understanding surface states as responsible for surface sensitivity, it is plausible to

associate the surface passiveness of 2D nanostructures with the lower density of sur-
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face states compared to 3D nanostructures, as it is pointed out for STS preliminary

results. Indeed, although surface states merely exist due to surface termination, the

density of surface states may be different in the same semiconductor with different

surface structures [78].

Additionally, incidence of light in a semiconductor is known to affect the elec-

tronic properties of the surface [156]. It has been demonstrated that illuminating the

sample with photons with energy larger than the semiconductor bandgap strongly

influences the optical and electrical properties of nanostructures with high surface to

volume ratio [78,157], likely as a consequence of a band bending variation [169]. In

our case, and assuming a positively charged surface mainly due to dangling bonds

from III-group elements [153], it is plausible to accept an initial stage of upward

band bending as depicted in figure 6.14. According to the experiments, the energy

of the impinging light is found to play a meaningful role on its impact on the electri-

cal characteristics. Illuminating with excitation energy below the Eg affects a small

absorption volume and thus, a low density of carriers may be activated, leading to

an insignificant contribution to the conductivity. Nonetheless, irradiating with an

energy larger than the Eg can excite a high density of photocarriers which could

reach the surface as free carriers and therefore, improve the surface conductivity

under favorable moist conditions.

Figure 6.14 shows a diagram of the energy bands under dry and wet conditions

(top and bottom figure, respectively). In a dry atmosphere, the Rsh remains mostly

constant regardless of the lighting. The surface states are unoccupied, and there-

fore, they are active trapping and recombination centers. When the semiconductor

is illuminated, a density of electron-hole pairs is generated in the bulk. Although,

electrons may be attracted by the positively charged surface states, they hardly

move towards the surface because of the presence of a high potential energy barrier

at the interface and thus, only a few electrons can reach the surface. Moreover, those

arriving to the surface may be likely trapped by the active centers, and therefore

will not contribute to increase the conductivity. Conversely, in a wet atmosphere

the surface states are presumed to be linked to adsorbed water molecules. It has

been previously addressed that water physisorption yields to an improvement of the

electrical and optical characteristics, decreasing the sheet resistance and increasing

the photoluminescence, respectively [22, 148, 153]. This has been attributed to a

reduction of the density of active surface states after this physical process, in which

the negative part of the water molecule dipole is attached to the positively charged

surface states. Water would therefore passivate the empty surface states and con-
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(a)

(b)

(c)

Figure 6.14: Schematic of the energy band bending diagrams. (a) From an initial
stage with a upward band bent bands, illuminating with energy larger than the bandgap
evolves to lower the band bending and under favorable external conditions (high RH
atmospheres) to improve the surface conductivity. (b) In a dry atmosphere, surface
states are unoccupied, and then the released carrier is trapped at these centers, and
hence, surface conductivity is not improved. (c) Conversely, in a wet atmosphere,
the surface states are passivated by water molecules, and thus carriers generated after

illumination contribute to surface conductivity.
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sequently reduce the surface band bending (see the lower diagram of fig 6.14). As

a result, the photoexcited electrons could now reach more easily the surface. In

addition, since surface states are passivated, carriers would unlikely be trapped, and

can therefore contribute to increase the surface conductivity.

In agreement with these outcomes, it is evidenced that the photoexcited process

in therefore not due to light absorption in the molecule. In the fact, the HOMO-

LUMO energy bandgap of the water molecule ∼6.8 eV [170], well above the energy

of the visible blue light employed for lighting (∼2.7 eV). This suggests that carriers

must arise in the semiconductor bulk and be pushed towards the surface (in case

of electrons) to directly become trapped or free upon dry or wet conditions, respec-

tively.

In conclusion, a detailed analysis of the influence of the local surroundings and

illuminating conditions has been discussed along this chapter. A strong dependence

of SQD electrical response on the environment and on the impinging energy light

has been found. Besides, it has been also proved the suitability of SQDs for sens-

ing applications since they fulfill the main requirements for sensor actuators: high

sensitivity, short time response, reversibility and long time operation system. Ac-

cording to these results, In0.5Ga0.5As SQDs sample becomes in a good choice for the

development of humidity sensor devices.
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Chapter 7

Conclusions and Future work

7.1 General conclusions.

In0.5Ga0.5As SQDs have demonstrated a high sensitivity to the environmental

conditions. This fact provides these nanostructures with a great suitability for the

development of interdisciplinary sensing devices. In particular, along this thesis

these In0.5Ga0.5As nanosystems have been reported to be extremelly attractive and

well-suited for their use as active basis of humidity sensors.

The origin of the novel results presented in this thesis work, was primary at-

tributed to the existence of surface states. The merely fact of surface formation

gives rise to the existence of localized states within the midgap influencing the op-

tical and electrical properties of the semiconductor. Variations of the density and

charge of such surface states directly cause changes in the electronic structure pro-

ducing measurable changes of the physical properties. Therefore, the high sensitivity

shown to the external conditions may be closely related to an alteration of the surface

state density.

7.1.1 Optimal growth of SQDs for development of sensor devices.

The first step into the research of uncapped In0.5Ga0.5As QDs with the aim

of developing sensing devices was the growth optimization of In0.5Ga0.5As/GaAs

SQDs. Taking advantage of the high know-how of the group in such ternary alloy,

and making use of the results already obtained for the growth of this system, we

mainly concentrated on the analysis of two growth parameters: growth rate and

temperature treatment immediately after QDs formation.

Growth temperature and V/III flux ratio was initially established according to

previous studies [54]. This temperature was set 10°C below the oxide desorption
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temperature and 70°C below (2x4)-c(4x4) transition for, respectively, GaAs buffer

layer and In0.5Ga0.5As SQDs growth. V/III flux ratio was fixed to be 20 along the

whole process.

First, we adjusted the growth rate keeping the same treatment after growth,

rapidly dropping and raising 100°C the substrate temperature with respect to QDs

growth temperature within 3 min. We found that growing at a growth rate of 0.07

ML/s provides the sample with optimal quality SQDs showing further exceptional

optical and structural properties. Structurally, the resulting dots were semi-spherical

and, on average, 6.7±0.2 nm height and 34 ± 1 nm base length. Additionally,

they showed high degree of homogeneity and large surface density (7.1 · 1010 cm−2).

Optically, we found that the sample shows an intense photoluminescence even at

RT. At LT, the emission is centered at 0.97 eV and the FWHM is of about 120

meV. PL at RT is redshifted 8 meV from the emission at LT and the FWHM is

approximately 100 meV.

Second, we refined the temperature treatment after growth. All the different

approaches gave rise to semi-spherical dots with high degree of homogeneity and

large surface density. However, the optical emission differed significantly from one

to other treatment. At LT, it was found the nearly same optical properties in all the

samples. Nonetheless, at RT the sample handled sharply dropping and raising the T

showed a more intensive PL emission. PL intensity was ∼2 and ∼ 3 times brighter

than that of the samples treated, maintaining and softly decreasing the temperature

after QD formation, respectively.

In agreement with this investigation, it was concluded that using a QD growth

temperature established 70°C below (2x4)-c(4x4) transition temperature and a V/III

flux ratio of 20, one of the optimal set of growth parameters for sensing application

relies on growing at 0.07ML/s and sharply decreasing and increasing 100°C the tem-

perature after QD formation. In turn, the well-suitability of these parameters has

been attributed to the fact that, growing at 0.07ML/s has resulted to be an appro-

priate growth rate since it was low enough to yield good quality nanostructures and

sufficiently high to allow QD nucleation. Besides, sharply dropping the temperature

after QD growth keeps their shape, composition, and thus possible surface states

and defects. Thereby, we related the reliability of these nanostructures for the de-

velopment of sensing devices to the existence of localized states and their possible

modification under certain external conditions.
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7.1.2 Optical response as a function of the environmental condi-

tions.

Focusing on the impact of the external conditions on the optical properties of

semiconductors, a sample containing two active QDs layers, one buried and one

uncapped has been subjected to different atmospheres and optically characterized.

Three external factors: temperature, pressure and gas composition of the atmo-

sphere, have been found to significantly act on the photoluminescence of the SQD

layer.

First of all, the role of the temperature was analyzed. A s-shape and a w-shape

FWHM profile has been observed in case of, respectively, BQDs and SQDs. This

fact denotes a higher density of localized states of SQDs compared to that of BQDs.

Besides, it is important to highlight that after a completely PL quenching of SQDs

at RT and under vacuum, back to atmospheric pressure recovers the bright emission

of SQDs.

As a second approach, the influence of the vacuum and air was evaluated. It has

been observed that the PL intensity of BQDs does not suffer any noticeable variation

when changing the environment from vacuum to air conditions. On the contrary, it

has been found that PL signal of SQDs completely quenches under vacuum. The

causes for this quenching have been analyzed by studying the optical response of

such sample under atmospheres formed by the main gases compounding the air (N2,

O2 and H2O vapor). Under dry atmospheres, the result has been crucial, BQDs

exhibits the same PL signal regardless to the external conditions. Conversely, PL

of SQDs shows a strong dependence on the local environment. Their optical signal

reduces the ∼ 70% and ∼ 37% with respect to their peak intensity in air, in an

oxygen and a nitrogen atmosphere, respectively. Further impressive outcomes have

been found when conducting the experiment under water-containing atmospheres. In

spite of the quality of the wet atmosphere (N2+H2O or O2+H2O), the PL intensity

from SQDs remains unchangeable as BQDs does. In turn, the origin of the PL

intensity reduction has been ascribed to the existence of surface states within the

midgap acting as nonradiative recombination centers and therefore deteriorating the

PL emission. Under water-vapor-containing atmospheres, such localized states are

likely passivated and thus suppressed, yielding to a large PL emission at RT.

A further study on the influence of the environmental quality on In0.5Ga0.5As

SQDs optical properties has been conducted exposing the sample to different atmo-

sphere compositions. Based on the results, two main trends have been observed: PL

intensity decreases when decreasing the polarity and when increasing the molecular

mass. Besides, the presence of oxygen in the solvent has been proved to play a key
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role in the PL response. Oxygen-containing molecules shows less PL intensity re-

duction than nonoxygen-containing entities, 77% compared to 90% of the emission

in air. These results have been attributed to the likely higher viability of oxygen-

containing molecules to be adsorbed, and consequently, the feasible passivation of

the surface states and longer preservation of the PL intensity. In agreement with

these experiments, it has been inferred that the charged surface states attracted the

molecules in the local surrounding, orientating the molecule to be easily adsorbed

and leading to a suppression of the nonradiative recombination centers and thus,

showing a bright PL.

Summing up all these findings, it is concluded that the external conditions greatly

influence the optical properties of In0.5Ga0.5As SQDs, whereas PL of BQDs does not

suffer any visible change. Moreover, it was demonstrated that both the environment

together with the atmosphere quality strongly acts on the PL emission of these

SQDs.

7.1.3 Electrical response as a function of the environmental condi-

tions.

The evaluation of the effect of the external conditions on the electrical response

of In0.5Ga0.5As/GaAs SQDs has been conducted on three different steps. First, the

I-V characteristics under vacuum compared to the ones in air have been analyzed.

Second, the effect of the humidity has been evaluated. Finally, the impact of the light

on the electrical characteristics in a humid and dry atmosphere has been determined.

Focusing first on the influence of the vacuum, we have compared the electrical

response under vacuum and air of three samples: In0.5Ga0.5As SQDs, In0.5Ga0.5As

SQW and GaAs bulk. It has been found that under vacuum all the samples are more

resistive than in air, and moreover, SQDs have been resulted to be more resistive

than SQW (∼ 2 times) and GaAs (∼ 3 times). Comparing the electrical response

when changing from vacuum to air, Rsh of SQDs sample reduces its value of a

99% compared to the decay shown in case of SQW and GaAs, a 20% and a 31%,

respectively.

In0.5Ga0.5As SQDs and In0.5Ga0.5As SQW samples have been subjected to the

second experiment. We have found a strong dependence of the Rsh of SQD sample

with the relative humidity in the local atmosphere compared to its hardly influence

on the electrical response of SQW sample. Two different regions has been distin-

guished concerning to the response of SQD to changes in the RH. Below 50%, high

sensitive zone, the Rsh of SQD decreases by more than one order of magnitude,

while above 50% the dependence of Rsh becomes weaker and the system less sen-
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sitive. In turn, the sensitivity of the surface to ambient has been demonstrated to

not be only dependent on the material and morphology of the samples, but also on

the existence of surface states and the complexity of the nanostructures. In fact,

the higher density of surface states in a SQDs sample compared to that in a SQW,

together with the large size and dissimilar composition of the QD have been also

proposed to be responsible for the surface reactivity and consequently, pointed to

be of great importance for the sample sensitivity.

Finally, the impact of the illumination was analyzed. Different energy sources

have been tested under several relative humidity conditions. Whereas, SQW has not

been found to exhibit any correlation between the surface conductivity and the light-

ing condicions; incidence of light has been resulted to be decisive for the sensitivity

of the system to changes in the external conditions. Under darkness conditions,

the electrical response of In0.5Ga0.5As SQDs does not show any significant alter-

ation to changes in the local moisture. Conversely, under lighting conditions, Rsh

decreases more than one order of magnitude when increasing the RH. Besides, we

have shown that the electrical response is strongly influenced by the energy of the

impinging light. Illuminating with a source energetically below or of the range of the

energy bandgap of the active layer (In0.5Ga0.5As SQD) does not apparently affect

to the electrical response of the SQD sample. However, irradiating with an energy

source higher than the semiconductor bandgap and independently on the power of

the incident light, induces notable changes in the I-V response of the sample.

In conclusion, both agents: relative humidity and illumination have been proved

to be decisive in the electrical behavior of the In0.5Ga0.5As/GaAs SQDs. The origin

of these results have been ascribed to the fact that water molecules in the environ-

ment could be likely adsorbed, and thus localized states within the bandgap might

be passivated, varying the band bending and causing measurable changes in the

optical and electrical properties. Besides, further variations in the band bending

may be also induced due to the incidence of light with energy enough. Irradiation

may cause electrons transfer from the adsorbate to the semiconductor or vice versa,

leading to bands to flatten or bend according to the particular case.

7.2 Future work

With the aim of following the research of this thesis work, some hints for how

should be continued are outlined. This section reports both: several paths for the

improvement of the operational properties and how to use the promising character-

istics of the In0.5Ga0.5As/GaAs SQDs to open up new research fields full of further
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challenging applications.

• Quantum modelling of the nanostructures. A model concerning the en-

ergy states and quantum confinement along with a further understanding of

the carrier´s transport and surface potential modification is still lacking due

to the tremendous complexity of this In0.5Ga0.5As SQDs system. However, it

is of especial relevance to reach a nearly fully understanding of the system to

be able to develop new devices based on the engineering and control of the

electronic structures. For such aim, it is needed to perform further experimen-

tal studies such as time-resolved and high-resolution measurements which may

allow the determination of some important parameters including the carrier´s

life time and atom position to be able to finally address a theoretical model.

• Improvement of the operational properties by growth of stacking

layer. Enhancement of the sensitivity and efficiency of the proposed sensor

is needed to make such In0.5Ga0.5As SQDs based sensor more attractive and

reliable. One of the possible ways to improve the physical properties of the sur-

face nanostructure relies on the growth of a reservoir layer. This superlattice

provides to the directly exposed epilayer with higher carrier density improv-

ing its physical properties and thus, making better its response to external

conditions. This reservoir layer can be reached by stacking several QDs layer

underneath the uncapped one. The growth optimization of such reservoir is

of great importance in SQDs response to changes in the surroundings. Coher-

ently coupling QDs are desirable to facilitate electron tunneling. Besides, a

further optimization of the thickness of the spacer layer can result conclusive

for the efficient transfer of electrons. It should be thick enough to favor the

formation of coherent island and sufficient thin to allow carrier tunneling.

• Improvement of the operational properties by doping. Doping of the

buffer layer is another approach what would greatly improved the electrical

response to environment and therefore, the device sensitivity and efficiency.

This design offers a high control on the hot electrons at or near the surface.

Modulating the voltage applied to the doped layer, the energy bands may be

tuned varying the density of electrons at the surface, then modifying the elec-

trical properties as one desires.
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• Functionalization of the surface. As discussed earlier, functionalization

of the surface is of growing importance with the purpose of interdisciplinary

sensors development. Taking advantage of the great demonstrated properties

that the system In0.5Ga0.5As/GaAs offers for environmental changes detection,

together with the fact that hybridizing biocompatible organic molecules could

provide nontoxic interfaces opening up a new issue for biological and medical

disciplines among other.

• Water splitting. Much effort has been devoted to the study of an alternative

renewable approach for energy provision, and many semiconductors have been

proposed to be well-suited for such aim. The reactivity to water molecules

shown by the In0.5Ga0.5As SQDs points out these nanostructures as good can-

didates for water splitting processes. Further optimization of the ratio between

In and Ga in the ternary alloy is necessary to reach an energy bandgap above

the water redox potential, required to water splitting to occur. Additional

design of a setup capable of determining the different gases resulting from the

reaction (H2 and O2) is also demanded.
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