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ABSTRACT 

In this work, we present a substrate removal procedure for 

solar cells compatible with direct attachment of the epitaxy 

to a holder through a thermally and electrically conductive 

interface. In our case this procedure was motivated by the 

need to develop a processing technique compatible with low-

temperature characterization of the devices. The method is 

based on the use of indium to bond a thin-film epitaxial 

structure to a silicon support. The adequate properties of 

indium, namely, low tensile strength and good thermal and 

electrical conductivity, allow characterizing the devices at 

very low temperatures without causing strain-induced 

degradation in the samples. Following this method, we have 

fabricated and characterized thin-film (1.74 µm) AlGaAs 

solar cells with and without a layer of InAs quantum dots. 

We show the adequacy of our method to measure at low 

temperatures by means of measuring the photocurrent or 

quantum efficiency of the devices at different temperatures, 

ranging from 300 K to 20 K. 

Keywords: thin film, substrate removal, low temperature, 

concentrator solar cells, III-V semiconductors 

INTRODUCTION 

For years, there has been interest in the solar cell research 

and industry in reducing the thickness of conventional thick 

–a few hundred microns– devices [1-3]. In this context, a 

thin-film solar cell refers to a device with a thickness that 

varies from a few microns to a few tens of microns, 

depending on the absorbing material. The reasons that make 

thin-film solar cells attractive are diverse. For solar cells 

made of direct-gap semiconductors, which need only a few 

microns to absorb most of the sunlight, manufacturing cost 

could be reduced by reutilizing several times the substrate on 

which the solar cells structures are grown, following the so-

called epitaxial lift-off (ELO) process [4]. Without the thick 

substrate, the thin-film structures can be transferred onto a 

flat or curved base or support, e.g., glass [5], quartz substrate, 

silicon [6], plastic foil [7, 8] or metal foil [9]. This makes it 

possible to incorporate solar cells in flexible electronics 

designs [7, 8, 10]. Furthermore, removing the substrate is 

required in inverted solar cells, conceived to increase the 

flexibility in the design of multijunction solar cells [11, 12]. 

Finally, the combination of a thin-film structure with light 

trapping techniques, which effectively increase the optical 

length of the devices, may lead to physically thin but 

optically thick (highly absorbent) solar cells [13]. Related to 

this, thin-film device processing has also caught the attention 

of researches working on solar cells based on nanostructures, 

such as inorganic quantum dot [14, 15] or quantum well [16-

18] solar cells. In those works, surface texturing [19] of thin-

film devices is explored as a means of enhancing low-

energy-photon absorption in the nanostructures. 

In our group, we have been working for many years on novel 

solar cell concepts [20, 21] using semiconductor quantum 

dots as absorbing material. Similarly to the case of quantum 

dot [22] and quantum well photodetectors [23], low-

temperature characterization, in particular photocurrent 

experiments, has been essential to understand the 

fundamental principles, potential and limitations of solar 

cells using inorganic nanostructures [24-26]. As previously 

mentioned, one hot topic on this kind of solar cells is to 

enhance the absorptivity of the quantum structures by using 

light trapping mechanisms in thin-film devices. The work 

carried out so far has proven the beneficial aspects of the 

light trapping schemes [14-18]. However, the experimental 

results obtained are limited to room temperature (RT) 

conditions, since the thin-film processing methods used are 

not compatible with low-temperature measurements. The 

reason is that thin-film solar cells are usually manufactured 

through the bonding of the solar cell structure and the support 

with a polymeric epoxy, which is not a good electrical or 

thermal conductor [5-8, 12]. This prevents heat dissipation 

as well as extracting the back contact directly from the rear 

side of the solar cell. Although some methods have 

successfully addressed the issue of heat dissipation [27, 28], 

low-temperature characterization has not been performed on 

the processed devices. Only recently, low temperature 

measurements have been carried out in a thin-film (50 

microns) device soldered with a conductive epoxy on 

elastomeric substrates [29]. In the latter work, measurement 

results at temperatures lower than 150 K are reported to be 

abnormal.  

In this work, we report on a substrate removal processing 

method for III-V solar cells compatible with very low 

temperature characterization (20 K) and very thin (1.74 µm) 

devices. The key element of our method is the use of indium 

for bonding the few-micron-thick structure to a silicon flat 

support. Both indium and silicon are sufficiently good 

thermal conductors. Using this method we have fabricated 

and characterized thin-film AlGaAs solar cells with and 



without a layer of InAs quantum dots (QD). Recently, the 

transfer onto an external substrate by using an In sheet of a 

thin-film GaN light-emitting diode has been reported [30]. In 

that work, only room-temperature operation is reported. We 

demonstrate our method to be suitable for low-temperature 

measurements because it allows for heat dissipation through 

the rear bonding and does not produce thermal-stress-

induced mechanical strain in the thin devices. This is 

demonstrated by opto-electrical characterization of the 

fabricated solar cells at different temperatures in the 20-300 

K range. Additionally, we are able to demonstrate sub-

bandgap photocurrent and thermal carrier escape in thin-film 

QD solar cells. Finally, the indium soldering allows 

electrically back contacting the device, in contrast to other 

thin-film processing methods [12, 29, 31, 32], in which both 

the positive and negative contacts must be fabricated on the 

front side of the device. 

MATERIALS AND METHOD 

1. Sample description 

Figure 1 depicts the AlGaAs p-i-n epitaxial solar-cell 

structures (S1 and S2) fabricated in this work (the drawing is 

not to scale). Both solar cells have the same structure, except 

for a layer of InAs quantum dots (QDs) which is present in 

S2 and not in S1. It is an inverted structure – the upper part 

of the grown structure, p type, will be the bottom part of the 

completed device, and the bottom part of the structure, n 

type, will become the upper part of the device. The device 

structure was grown at the Instituto de Microelectrónica de 

Madrid by molecular beam epitaxy (MBE) on a 2" n-type 

(001) GaAs wafer. Following a 300 nm buffer layer of GaAs, 

a 100 nm layer of AlAs was grown to serve as stop etching 

layer (SEL) for the previously discussed substrate removal 

process. Henceforth, we will refer to this layer as SEL-1. 

The structure is designed as to withstand n-contact annealing. 

For this reason, SEL-1 is followed by a 300 nm thick n type 

(3e18 cm-3) GaAs contact layer. A thick layer is necessary to 

stop gold from diffusing into the active part of the device 

during contact annealing. To avoid parasitic absorption of the 

contact layer –which does not contribute to photocurrent 

generation–, it has to be selectively etched, using the metal 

grid as a mask. In order to prevent subsequent layers to be 

etched, a 5-nm AlAs SEL –henceforth SEL-2– is necessary 

to protect the rest of the epitaxy.  Immediately after contact-

layer removal, SEL-2 itself is etched in diluted HF. Below 

SEL-2, a 5-nm GaAs layer is left as protection against 

oxidation in air of the window layer. The window layer has 

a 78% aluminum content and is 30-nm thick. The emitter is 

200-nm thick and doped to 5e17 cm-3 with 35% Al. Thicker 

emitters were found to compromise the quantum efficiency 

at short wavelengths, probably due to the minority hole 

diffusion length being of the same order of magnitude as the 

emitter thickness. A 600–nm-thick AlGaAs intrinsic layer 

was grown between the emitter and the base. Embedded in 

this layer, one layer of InAs QDs was grown in sample S2. 

The QDs were self-assembled after the deposition of 2 

monolayers of InAs. Slab doping with silicon was employed 

so as to dope the dots with approximately one electron per 

dot, assuming a QD areal density of 3·1010 cm-2. A 200-nm-

thick Be-doped base was then grown, followed by 200 nm 

p+ back surface field (BSF) layer with 41% Al to confine 

minority electrons away from the back side contact. The last 

epitaxial layer was a 100 nm thick p++ doped GaAs layer 

that served as the back contact. The total thickness of the 

active epitaxial layers is 1.74 µm. This will also be the 

thickness of the final device, excluding the metal contacts. 

 

Figure 1. Sketch of the inverted semiconductor layer structure of 
the thin-film AlGaAs solar cells. Sample S2 is depicted here. Both 
samples, S1 and S2, share the same epitaxial structure, except for 
the InAs QD layer present in sample S2, as it is described in the first 
paragraph of the sample description. 

2. Method 

Our thin-film processing method consists in soldering with 

indium foil an inverted solar cell structure onto a flat silicon 

support. Indium is the key element of the method, since it 

allows both heat dissipation and rear-contacting the device. 

Indium was employed because of its suitable features; 

namely, low tensile strength ( 6.1 MPa  [33]), and high 

thermal and electrical conductivity. The low value of indium 

tensile strength allows low-temperature measurements 

without strain-induced degradation of the sample. In 

addition, thermal and electrical conduction allow, 

respectively, for heat dissipation and back contacting of the 

devices. The use of indium foils was required in order to 

maintain the devices flatness after soldering and removal of 

the substrate. The use of manually spread melted indium, 

which we had previously employed, resulted in a wrinkled 

surface and damaged devices. 



As flat support we use a p-doped silicon wafer, but other 

thermally conductive rigid supports can be envisaged. 

Silicon was chosen since it is a good thermal conductor (150–

300 11 K mW −− ). The solar-cell epitaxy needs an inverted 

design since it will be soldered upside-down onto the silicon 

support to then remove the substrate.  

After soldering the structure to the support, the 

semiconductor substrate is removed and the final device is 

fabricated on the active epitaxial layers by means of standard 

photolithography techniques and contact fabrication using 

electroplating techniques. Finally, external connection is 

made by wiring the thin-film solar cells. These wires are 

directly connected to both the front and back sides of the 

solar cells, so it is not necessary to fabricate the two contacts 

from the front side of the solar cell, thus simplifying the 

process of contact fabrication. 

Below, we describe the main steps of the developed method, 

illustrated in Figure 2, applied to our AlGaAs samples: 

(a) As-grown sample. 

(b) Front side (back contact) metallization of solar cell 

and Si wafer. The upper surface of the AlGaAs solar 

cell was coated with Cr/Au (50 nm/500 nm) by 

thermal evaporation. Cr/Au can form an ohmic 

contact to p-type GaAs. This Cr/Au metallic layer 

will be the back contact of the solar cell and will 

operate at the same time as back reflector, providing 

a two-fold increase in the optical length of the 

absorbing layers.  

(c) Soldering in vacuum. The solar cell and Si wafer 

were placed on a hotplate inside a vacuum chamber 

with the indium foil (50 µm) in between the two Au 

surfaces. The vacuum chamber prevented the 

formation of air bubbles in between the metal 

surfaces. Additionally, an external weight was 

placed manually onto the wafer stack to add 

pressure and achieve a homogenous and flat 

soldering.  The hotplate was heated up to 195 ºC and 

bonding occurred above 160 ºC, when indium 

melted and alloyed with Au.  

(d) Substrate removal. The GaAs substrate of the 

samples was removed by a two-step etching 

process: (I) a quick non-selective etch of 

NH4OH:H2O2 (1:1), which etched the majority of 

the GaAs substrate at a rate of 5-10 µm/min, and (II) 

a slow, selective etch of citric acid:H2O2 (5:1), 

which etched the remaining GaAs substrate until 

reaching the AlAs stop etching layer. SEL-1 was 

subsequently removed by wet etching in HF:H2O 

(1:10) to avoid oxidation of the surface. Thus, the 

epitaxial n-GaAs contact layer surface became the 

new front side of the thin-film solar cell, where top 

contacts will be placed.  

(e) Photolithography. Standard photolithography 

techniques were used for creating photoresist 

patterns on the sample. 

(f) Front contact metallization of solar cell.  The metal 

grid as top contact was made by Au electroplating. 

The thickness of the grid was in the range of 1–3 

microns. 

(g) Completion of the devices. Lift-off of the 

photoresist after metallization, n-GaAs contact-

layer etching, SEL-2 removal, and mesa etching 

completed the process to isolate each solar cell (1-

mm radius). For this, standard processing 

techniques were used.  

(h) External electrical connection. Thin gold wires (25-

µm diameter) connect the front metal grid of the 

devices to an external printed circuit board (PCB). 

The thin Au wires were bonded to the front grid 

with a silver conductive epoxy. Wedge wire-

bonding could not be applied since it strongly 

damaged our thin (1.74 µm) devices. Consequently, 

the bonding of the thin gold wires on the grid 

contact had to be manually done. For external 

connection, thicker copper external wires were 

soldered with tin to the PCB. 

 



Figure 2. Key steps of the developed thin-film solar cell processing method. 

 

 

(a) (b) 
Figure 3.SEM images. (a) SEM image of a processed device as in step (d) of Figure 2. (b) A processed device as in 
step (g) of Figure 2. 

 

  



3. Measurement conditions 

For photocurrent and external quantum efficiency (EQE) 

measurements, samples were mounted on a copper disk 

and placed in a closed-cycle helium cryostat. Light from 

a halogen lamp was chopped and diffracted with the aid 

of a Cornerstone 260™ 1/4 m monochromator M-74100 

Newport®. The photocurrent detection was done using 

conventional lock-in techniques (Standford Research 

Systems® DSP Lock-in Amplifier, Model SR830) and a 

low-noise current preamplifier (Standford Research 

Systems®, Model SR570). 

Current-voltage measurements were performed under 

approximate AM1.5D solar spectrum and standard 

measurement conditions.  The spectrum was obtained by 

filtering light from a xenon lamp light with appropriate 

AM1.5D filters. 

Scanning electron microscopy (SEM) images were 

acquired using two different microscopes. Figure 3 (a) 

was acquired using an SEM Inspect™ F50 operated at 15 

keV and different magnifications. Figure 3 (b) was 

carried out in a JEOL JSM-6335F and it was recorded 

working at an acceleration voltage of 20 kV and a 

working distance of 15 mm at different magnifications. 

RESULTS  

1. Microscopy 

Figure 3 (a) shows a SEM image of one solar cell after 

removal of the substrate (step d in Figure 2). The indium 

layer can be seen between the epitaxial solar cell (top thin 

dark region) and the silicon wafer (bottom region) as a 

soldering. The thickness of the indium layer after the 

soldering and the substrate removal was approximately 

30 µm. Figure 3 (b) shows a SEM image of a completed 

processed device before wiring (step g in Figure 2). This 

picture displays both front and back contacts of the solar 

cell through the front metal grid and the indium layer, 

respectively. The epitaxial thin film, too thin to be 

properly appreciated in this image, is indicated. 

Figure 4 shows some pictures of the fabrication process 

from the as-grown sample (Figure 4 (a)) to the final 

device (Figure 4 (d-f)). Figure 4 (c) shows the bare 1.7-

µm structure after removal of the substrate. The flat 

aspect of the epitaxial surface indicates the success of the 

soldering process. The external copper wires soldered on 

PCB can be observed in Figure 4 (e). A thin gold wire 

bonded to the metal grid with silver epoxy is shown in 

Figure 4 (f). The two big dark spots on the upper part of 

the device are silver epoxy manually deposited. The 

small dark spot at the center of the device is a surface 

defect, probably originated during the soldering in 

vacuum step. 

2. Low temperature photocurrent measurements 

To verify the validity of our processing to perform low 

temperature characterization, we have measured the 

spectral photocurrent and EQE in our thin-film AlGaAs 

samples at different temperatures ranging from 300 K to 

20 K. Photocurrent results for S1 are shown in Figure 5. 

EQE results for S2 are shown in Figure 6. The theoretical 

bandgap values of Al0.35Ga0.65As at each temperature, 

based on the formulae by Vurgaftman and Meter [34], are 

indicated as dash lines in the graphs. We can see that, in 

both samples and for all temperatures, photocurrent is 

produced when the samples are illuminated with supra-

bandgap light. From the measurements we conclude that 

the sample is working at the intended temperature, since 

the experimental absorption threshold energies match the 

calculated theoretical bandgaps. For the case of S2, sub-

bandgap response can be measured at 300K. This 

response is attributed to the absorption of light in the 

InAs QDs. Furthermore, Fabry-Perot oscillations, due to 

the reduced thickness of our devices, can be appreciated 

in the sub-bandgap EQE of S2. In the supra-bandgap 

range of the EQE the high absorptivity of the AlGaAs 

prevents Fabry-Perot effects. At 195 K the sub-bandgap 

EQE of S2 is strongly reduced, due to the inhibition of 

thermal escape of photocarriers out of the QDs, as it is 

expected in a high-bandgap quantum dot solar cell,  [35, 

36]. Therefore, our processing method has enabled us to 

verify two key aspects of QD solar cells (sub-bandgap 

photocurrent and thermal carrier escape) in thin-film 

devices. 

The relatively low value of the supra-bandgap EQE of S2 

is due to a non-optimized layer structure, the lack of anti-

reflective coating and increased carrier recombination 

introduced by the QDs. However, it must be noted that 

the results do not show sample degradation at low 

temperature due to mechanical stress, as intended with 

the use of indium for the soldering. In fact, at 100 K and 

below, the measured photocurrent of S1 increased in the 

high-energy photon range, resulting probably from an 

increase in the lifetime of minority carriers in the cell 

emitter. These results prove the adequacy of our 

processing method for performing low-temperature 

characterization on thin-film devices.  

3. Room-temperature current-voltage 

measurements 

The room temperature J-V characteristic for S2 is shown 

in Figure 7. The QD solar cell exhibits a VOC of about 

0.52 V. This value is low compared to high-performance 

AlGaAs solar cells with similar Al content [37], which 

have a VOC greater than 1.3 V. This large voltage drop is 

attributed to a large increase in the solar cell non-

radiative recombination resulting from the inclusion of 

the dots, as it is common in QD solar cells [38, 39]. The 

JSC value is 2.6 mA/cm2, in agreement with the measured 

QE, previously described. Despite the poor performance 



of the QD devices, the J-V result proves that the thin-film 

QD solar cells are operational.  

4. Limitations 

We must point out two limitations in our method. One is 

the fact that the front contact cannot be annealed, since 

annealing would temporarily melt the indium layer and 

degrade the soldering. The second limitation is related to 

the bonding of the thin wires to extract the electrical 

current. At the current stage, this bonding had to be 

manually done –at least for our very thin devices– in 

order not to degrade the samples.  

 

Figure 4. Pictures from the fabrication process of the thin-film 
AlGaAs solar cell on a Si wafer with indium tape. References 
to Figure 2 are included for a better tracking of the processing 

method and its results.  

 

Figure 5. Photocurrent response of S1 as a function of the 
excitation energy, at different temperatures. The theoretical 
bandgaps of the Al0.35Ga0.65As at each temperature are indicated 

with dashed lines. 

 

Figure 6. External Quantum Efficiency measurement, as a 

function of the excitation energy and at different temperatures, 
of S2. The theoretical bandgaps of the Al0.35Ga0.65As at each 
temperature are indicated with dashed lines. 

 

Figure 7. Current density-Voltage characteristic at room 
temperature of S2.  

 



CONCLUSIONS 

A substrate removal processing method using indium 

soldering has been presented and demonstrated. Our 

method is compatible with low-temperature 

characterization of the processed devices. Using this 

method, we have soldered 1.74 µm inverted AlGaAs 

solar cells onto a flat silicon support. Through 

photocurrent measurements, we have demonstrated 

efficient heat dissipation in the 20-300 K range. 

Moreover, the photocurrent results do not show any sign 

of strain-induced degradation at low temperatures. 

Through EQE measurements, we have demonstrated sub-

bandgap photocurrent and thermal carrier escape in 

samples containing one layer of InAs QDs. We think that 

the presented method can be useful for the community 

researching on concentrator thin-film solar cells based on 

nanostructures (quantum dots and quantum wells) as well 

as other thin-film technologies.  
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