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(a) (b)

Figure 2.24: Schematic diagram of the measurements performed in the van der
Pauw geometry for the ns and μH extraction.

ns =
r

q·RH
(2.6)

µH =
RH

r·ρ
(2.7)

where q is the electron charge and r is the Hall dispersion factor, which can be set

to 1 for nitrides [Jim03].

It is important to note that although the measurements of Hall bars could

provide more accurate results, the van der Pauw geometry was used due to the

mask availability and its simple processing.

The setup used for these measurements is formed by an Agilent HP4145B

semiconductor parameter analyzer and a Creative Devices Inc. DC probe station

which includes a magnet of 0.493 T (see �gure 2.25).

2.3.2 Capacitance-voltage

Capacitance-voltage measurements were carried out on diodes and MIS-diodes dur-

ing the development of this thesis to estimate the 2DEG density (ns) versus depth

(Z). Their results are una�ected by parallel conductivity in the barrier which is a

signi�cant advantage in comparison with the results obtained by Hall measurements

[Fra06]. The values of ns as a function of Z can be obtained by the integration of

the C-V measurements with the following formulas [Bra13a]:
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(a) (b)

Figure 2.25: Setup for Hall measurements: (a) Creative Devices Inc. probe station
and (b) Agilent HP4145B semiconductor paramter analyzer.

Figure 2.26: LCR meter used for the capacitance-voltage measurements.

ns =

´
CdV

q·A
(2.8)

Z = εrε0
A

C
(2.9)

where C is the capacitance measured, q is the electron charge, A is the device area,

εr and ε0 are the static and absolute dielectric constants, respectively.

Figure 2.26 presents the front size of the Agilent HP4284 precision LCR-

meter. Measurements were carried out with a DC bias of 1 V and an AC signal

with an amplitude of 0.1 V and frequencies between 10 KHz and 1 MHz.
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Figure 2.27: Janis high/low temperature probe station.

2.3.3 DC characterization of HEMTs

DC characterization of HEMTs is a mandatory task since several relevant parame-

ters can be deduced from these measurements. This characterization mainly consists

of the measurement of the I-V output characteristics and the transfer characteris-

tics. The setup used for DC characterization at room temperature (RT) is shown

in �gure 2.17. However, DC measurements were also performed at low and high

temperature thanks to a Janis high/low temperature probe station (see �gure 2.27).

This probe station enables the characterization of devices in a wide rage of temper-

atures, from 25 K to 550 K.

I-V output characteristics

The I-V output characteristics illustrates the ID dependence on VDS for di�erent

VGS values. Besides the parameters shown in the �gure 1.10, the on-resistance

(RON) can be also extracted from these curves. As �gure shows, RON is calculated

as the inverse of the slope of the ID vs VDS in the linear region. This parameter

is useful for the evaluation of trapping e�ects comparing its value under DC and

pulsed conditions. Moreover, the gate leakage current (IG) was also measured at

the same time as the output characteristics.

Transfer characteristics

The transfer characteristics illustrates the ID dependence on VGS for di�erent VDS

values (see �gure 2.29a). Then, the transconductance can be obtained from the
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Figure 2.28: Extraction of RON.

(a) (b)

Figure 2.29: (a) Transfer characteristics and (b) transconductance for VDS = (0.1
V: 4.9 V: 9.9 V).

transfer characteristics applying the eq. 1.11 (see �gure 2.29b).

During this thesis, VTH was de�ned as the intercept of the transconductance

linear �t with the X-axis (see �gure 2.30). the VTH value was extracted from the

trasconductance at VDS= 0.1 V.
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Figure 2.30: Extraction of VTH from the transconductance plot.

2.3.4 Pulsed characterization of HEMTs

Pulsed characterization enables the evaluation of two crucial issues concerning fail-

ure mechanisms and reliability of HEMTs: self-heating and trapping e�ects. It

mainly consists of the application of voltage signals of square pulse from a static

quiescent bias (Q) point to obtain the value of the current at the end of the pulsed

duration and, then, the device stay again at Q point until the next voltage pulse is

applied. Using a pulse duration (τON) short enough compared with the period of

the square signal (τ), both thermal and trapping e�ects are dependent mainly on

Q point. Therefore, self-heating and trapping e�ects can be assessed by choosing

the adequate τON, τ and Q point.

A new pulsed characterization system was developed during this thesis to

overcome the limitations of the previous system [Mar10a]:

� It only enables either VGS or VDS-pulsed measurements but not double-pulsed

characterization.

� The possible voltage ranges for VGS and VDD are (-10 V, 10 V) and (0 V, 10

V), respectively.

� The digital oscilloscope presents poor characteristics related to the A/D con-

version (8 bits 24 LSB/div), sample (maximum sample rate: 500 Ms/S in-
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terleave OFF) and record tasks (maximum record length: 500 kwords when

interleave is OFF) which a�ect the resolution of the results.

The new set-up consists of an Agilent 81150A pulse function arbitrary noise gen-

erator and a Yokogawa DLM2000 digital oscilloscope remotely controlled by a PC

using LabView. As �gure 2.31 illustrates, a resistance (R) is used to monitor the

ID, which is extracted applying the following expression:

ID =
VDD − VDS

R
(2.10)

Gate lag measurements

Gate lag measurements were performed in the gate turn-on mode con�guration

described in [Men04] in order to evaluate the trapping e�ects typically associated

with the presence of traps at the surface [Bin99, Tra99]. Figure 2.32 illustrates the

pulse conditions, VGS is switched from an o�-state (below the VTH) to an on-state

for each constant VDD in order to obtain the corresponding I-V output curves.

The comparison between the I-V output characteristics in DC conditions and

those obtained by pulsing the gate provides information related to the current

collapse as �gure 2.33a shows. The parameter used during this thesis to assess the

current collapse is the gate lag ratio (GLR), which is de�ned as the ratio between

the ID measured pulsing the gate voltage (ID.pulsed) and that obtained under DC

conditions (ID.DC):

GLR =
ID.pulsed

ID.DC
(2.11)

GLR is typically calculated for a bias where the device is operating in the

linear region. Moreover, as �gure 2.33b illustrates, additional information regarding

the time-dependence of ID can be obtained by varying the τON. Therefore, gate lag

measurements varying the τON from 1 μs to 10 ms have been performed during this

thesis.

Double-pulsed measurements

Double-pulsed characterization consists of pulsing both gate and drain voltages

simultaneously. This enables the evaluation of either self-heating or trapping e�ects

depending on the Q point used.
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(a)

(b)

Figure 2.31: (a) schematic and (b) illustration of the pulsed characterization system
developed during this dissertation.
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Figure 2.32: Pulse conditions for gate lag measurements.

(a) (b)

Figure 2.33: (a) I-V output characteristics obtained under DC conditions and puls-
ing the gate. (b) Comparison of I-V output characteristics varying τON [Men04].
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Figure 2.34: Pulse conditions for the assessment of self-heating.

Self-heating

Double-pulsed measurements with very short τON (350 ns), short duty cycle and

VGS.Q = VDS.Q = 0 V (see �gure 2.34) are useful for the evaluation of the self-

heating. The use of this Q point leads the device to be unstressed and in o�-state,

and thus no ID �owing in the channel. The comparison of the obtained I-V output

characteristics with the ones measured under DC conditions provides information

related to the impact of self-heating on the device performance.

Trapping e�ects

The assessment of trapping e�ects by means of double-pulsed measurements implies

the use of Q points with VGS.Q < VTH (see �gure 2.35) which lead to stress the

device in o�-state. Electrons are depleted at these Q points and some of them are

trapped. Note that I-V output characteristics measured at Q point VGS.Q = VDS.Q

= 0 V are taken as the reference in these studies.

Transient measurements

Drain current transient measurements enable the trap characterization providing

relevant information such as the energy level, and trapping/detrapping time con-

stants [Joh11, Men13]. As �gure 2.36 shows, it mainly consists of keeping the device

in a trapping bias (VGS.F, VDS.F) for a time (τF), usually 100 s, and then switching
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(a)

(b)

Figure 2.35: Pulsed conditions for the assessment of trapping e�ects. The Q points
lead to the stress of the device applying (a) a very negative VGS(lower than VTH)
and (b) a very negative VGS together with a very high VDS(typically ≤ 20 V).
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Figure 2.36: Conditions for transient measurements.

it to an on-state bias (VGS.M, VDS.M) while the ID is recorded during a larger period

of time (τM), typically in the order of hundreds of seconds.

The performance of ID transient measurements at di�erent temperatures and

their �t to a stretched multiexponential function enables the extraction of the ap-

parent trap activation energy (EA) using the Arrhenius plot [Bis13].





Chapter 3

Contribution to the technology of

enhancement-mode HEMTs

This chapter is devoted to the fabrication of enhancement-mode HEMTs. Firstly,

wet etching experiments were performed in InAl(Ga)N/GaN heterostructures to

achieve the recess patterning for the E-mode HEMT fabrication. Secondly, the

fabrication of E-mode devices starting from an AlGaN/GaN as-grown D-mode het-

erostructure is described. Furthermore, the results of their DC performance and

VTH stability at high temperature are also presented.

3.1 Introduction to E-mode devices

The presence of 2DEG induced by spontaneous and piezoelectric polarization ef-

fects in GaN-based heterostructures leads to the fabrication of conventional D-mode

as-grown HEMTs, with a negative VTH. Its value mainly depends on the design of

the epitaxial structure, namely, the Al composition and the thickness of the bar-

rier. However, there are some methods that can further modify the VTH during the

device fabrication. The VTH adjustment to positive values enables the E-mode or

normally-o� operation. As mentioned in section 1.1.2, E-mode HEMTs reduce the

power consumption and allow the elimination of negative-polarity voltage supply, re-

ducing signi�cantly the system cost and the circuit complexity [Wan08]. Some tech-

niques for the development of E-mode HEMTs involve changes in the conventional

heterostructure (see �gure 1.12), such as the growth of p-GaN or p-AlGaN-gated

AlGaN/GaN heterostructures or the reduction of the barrier thickness. However,

79
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other methods are based on the treatment of the region under the gate, such as the

gate-recess or the �uorine-based treatments. The E-mode devices fabricated during

this thesis were achieved by following these procedures since the epitaxial growth

was not an objective of this thesis.

The so-called �gate-recess� technique is a common fabrication method for the

modi�cation of the VTH. It consists of the reduction of the barrier layer thickness

in the gate area. This reduction results in a decreasing polarization-induced 2DEG

density which leads to the positive shift of the VTH [Wan08]. Thus, a positive VTH

value can be obtained with a deep enough gate-recess etching (see �gure 1.12d). The

most used approach to develop this task is a chloride-based dry ICP-RIE [Moo05,

Oka08]. However, the damages and defects introduced by the ICP-RIE a�ect the

device performance. The post-etching RTA at 700°C was demonstrated to mini-

mize these damages [Kum03, Lan05]. However, it must be carried out before the

gate metal deposition since this high temperature is not compatible with the gate

metals. As a result, two photolitography steps are required, which increases the

complexity of the device fabrication. Another drawback of this method is the non-

uniformity in the recess-etching depth, and, consequently, the lack of uniformity

in VTH and gate capacitance [Wan08]. On the other hand, wet etching could be

a more advantageous approach since it causes lower damages but the wet-etching

of AlGaN/GaN structures is not a straightforward task. Di�erent approaches have

been reported, such as the electrochemical wet-etching using UV source as cata-

lyst [Bar01, But02]; and the use of KOH solution as etchant [Lee12]. Recently,

normally-o� MOS-HEMTs fabricated by the combination of gate-recess and gate-

insulation have exhibited excellent performance. For example, devices processed

using KOH wet-etching and RF sputtered HfO2-gate insulator presented a VTH of

1.5 V, very low leakage currents and RON (8.089 mΩ·cm2), as well as high VBD of

1580 V [Ahn13]. Furthermore, the gate-recess carried out by repeated oxidation

and HCl wet-etching oxide removal followed by the deposition of a 10-nm thick

Al2O3 dielectric layer led to outstanding normally-o� performance: a VTH of 2.0

V, a RON of 7.0 mΩ·cm2, as well as a VBD of 1650 V [Wan14b].

Another technique which is widely used for fabrication of E-mode AlGaN/GaN

HEMTs involves a �uorine-based plasma treatment in the gate area [Che10, Tan13,

Wan08]. The VTH control is achieved through a modulation of energy band by

�uorine ions implanted in the structure during the plasma treatment. As the �uo-

rine ions have a strong electronegativity and are negatively charged, the potential
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(a) (b)

Figure 3.1: Conduction band schematic diagrams for (a) conventional D-mode Al-
GaN/GaN HEMT and (b) E-mode with �uorine-based treatment [Wan08].

in the barrier and the 2DEG channel can be e�ectively raised, resulting in a posi-

tive VTH. A post-gate annealing at 400°C was proved to be e�ective in recovering

the plasma-induced damages [Wan08]. It is interesting to highlight that the an-

nealing temperature is gate-electrode-compatible, therefore, this technique enables

the self-aligned E-mode HEMTs fabrication. Secondary ion mass spectrum (SIMS)

measurements reported by Cai et al. concluded that the implanted �uorine ions

have a good thermal stability in the AlGaN layer up to 700°C [Cai06]. Furthermore,

DLTS measurements indicated that the incorporated �uorine ions introduce a deep

level state near the mid-bandgap [Wan08]. Thus, the �uorine ions are believed to

provide negatively charged acceptor-like states in the AlGaN layer. As �gure 3.1

shows, these �xed negative charges will cause an upward bending of the conduction

band in the AlGaN layer in comparison with the starting D-mode structure, rais-

ing the conduction band minimum above Fermi level and leading to an additional

barrier height ΦF [Wan08].

Besides the �uorine-based plasma treatment, implantation has been also used

to introduce �uorine ions to modify the VTH and hence obtain AlGaN/GaN E-mode

operation [Chen10, Wan09b]. This method also requires a thermal annealing at

400°C to recover the induced-damages in the barrier and channel [Chen10]. This

technique presents the advantage of being widely used in semiconductor device

fabrication with well-controlled dose and precise doping pro�le. On the contrary,

�uorine-based plasma treatment has no standard equipment and the reported pro-

cess parameters vary in a wide range.
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Concerning InAlN/GaN structures, �uorine-based plasma treatment [Med08,

Xub14] as well as gate-recess [Chu09, Wan10] have been used by the scienti�c com-

munity to fabricate E-mode InAlN/GaN HEMTs. Furthermore, InAl(Ga)N/GaN

structures can be etched by wet-etching [Bra13b] which causes lower damages and

may present some advantages, lower process-related damages, and hence lower sur-

face leakage than dry etching. Therefore, wet etching could be a suitable approach

for the processing of InAl(Ga)N/GaN E-mode devices.

During this thesis, a deep study of the wet-etching for the gate-recess of nearly

LM InAl(Ga)N/GaN structures grown on di�erent substrates was performed. Fur-

thermore, AlGaN/GaN E-mode HEMTs were fabricated and their performance and

VTH stability were assessed at high temperature. The techniques used for the Al-

GaN/GaN E-mode processing were two �uorine-based treatments: CF4-plasma and

F-implantation. The heterostructures used for these experiments were described in

table 2.2.

3.2 Wet etching in InAl(Ga)N/GaN heterostructures1

The most widely used procedures for the fabrication of InAl(Ga)N/GaN E-mode

HEMTs involve the reduction of the barrier thickness to less than 3 nm [Med08b]

or the gate-recess by dry etching [Wan10]. However, the surface damages caused

by any plasma-based dry etching reduce the process control and increase both the

surface leakage current and the trapping e�ects [Rom08, Gon07]. Wet etching

could be a promising alternative for both MESA and gate-recess for E-mode HEMT

fabrication [And09]. The etching treatments on In-containing nitrides were studied

very little in the past, and the results were not well quanti�ed [Bra13b, Sil07,

Var97]. Brazzini et al. analyzed wet-etching behavior in three samples grown on

sapphire substrates with nearly LM composition [Bra13b]. They found that the

most important parameter determining etching rate was the morphology of as-

grown samples. Moreover, strong anisotropical etching was observed, in particular,

etching through defects and dislocations was pointed out [Bra13b, Gao04, Wey06,

You98].

On the other hand, the growth of LM heterostructures on substrates with

di�erent lattice constant should induce di�erent density of threading dislocations

in each structure, which could possibly in�uence the etching behavior. Thus, the
1This work was performed in collaboration with Dr. T. Brazzini at the ISOM facilites [Bra13a].
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Figure 3.2: Heterostructure of the InAl(Ga)N samples used in this experiment.

wet-etching of nearly LM InAl(Ga)N/GaN heterostructures grown on sapphire, SiC

and Si (111) was analyzed. Firstly, the as-grown structures were extensively char-

acterized to obtain the real composition and thickness of the barrier. Then, they

were etched during di�erent times to assess the depth control of the etching. The

interest of this study is correlated to the possibility to control at a very precise level

the etching rate of the material, which is a crucial requirement for its use in the

recess-gate procedure.

3.2.1 Characterization of as-grown structures

The used HEMT-like structures were grown by MOCVD on three di�erent sub-

strates, (0001) sapphire - sample A, 4H-SiC - sample B, and silicon (111) - sample

C. The high resistivity GaN bu�er was grown on top of the substrate with nominal

thickness between 600 nm and 2 µm. An AlN nucleation layer was deposited prior

to GaN to improve crystal quality of the samples. One nanometer of AlN was grown

before the barrier to improve the electrical characteristics of the working HEMT

[Gon08]. This AlN interlayer can be considered as pseudomorphically grown, thus

without substantial introduction of mis�t dislocations [Kim99]. The samples were

grown with nominally identical In0.17Al0.83N barriers of 10 nm but with a high Ga

contamination; which led them to exhibit a real composition of InxAlyGa(1-x-y)N.

Figure 3.2 presents the schematic diagram of the three samples.

The three samples were studied by Rutherford backscattering spectroscopy

(RBS) to determine the real composition of the barrier. RBS measurements were

performed by Evans Analytical Group using a He++ ion beam energy of 2.275 MeV,
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Figure 3.3: Quaternary map which shows the composition of the three samples
determined by RBS. The black dash line indicates the LM compositions [Bra14].

backscattering detector angle of ∼ 160°and grazing detector angle of about ∼ 100°.

Both angle detections were needed for this �lms in order to reduce uncertainty in

the content determination [Kim99]. The estimated uncertainties for each element

concentration were ± 0.3% for In, ± 0.5% for Ga, ± 1% for Al and ± 4% for N.

Figure 3.3 presents the quaternary map of the samples under study. RBS mea-

surements con�rmed that the three InAl(Ga)N thin �lms had compositions nearly

LM to GaN. In this way, it can be considered that all samples have fully-strained

quaternary layers, but with a rather low accumulated strain [Bra14].

Furthermore, XRD measurements were carried out using a X'Pert PRO PAN-

alytical di�ractometer to estimate the barrier thickness in the three samples. In

addition to this, capacitance-voltage measurements of Schottky diode structures

were also performed using the LCR meter Agilent HP 4284A to provide informa-

tion about the electron distribution inside the structures. These Schottky diodes

were fabricated with an ohmic contact and a Ni/Au Schottky circular contact of 150

μm diameter on top of the structure, as �gure 2.21 describes. Figure 3.4 shows the

C-V pro�les obtained in the three samples. The 2DEG densities (ns) were extracted

as a function of depth by applying the eq. 2.8. The εr values of the quaternary were

estimated using a linear interpolation of the values of the corresponding binaries
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Figure 3.4: C-V pro�les obtained in the three as-grown samples which were mea-
sured at 10 KHz with an AC signal amplitude of 0.1 V [Bra14]. For sample speci-
�cation refer to table 3.1.

with the following equation [Braz14]:

εr = (InxAlyGa1−x−yN) = x·εr(InN) + y·εr(AlN) + (1− x− y)·εr(GaN) (3.1)

where εr(XN) is the static dielectric constant for the XN compound and x, y, (1-x-

y) are the relative composition of each binary compound in the quaternary nitride.

Concerning the dielectric constants, the corresponding values are εr(InN) = 11

[Nag04], εr(AlN) = 8.5 [Chi94], and εr(GaN) = 10 [Chi94].

Table 3.1 summarizes the results obtained by these three characterization

techniques. The barrier thickness (t) obtained by RBS and XRD are in very good

agreement. Moreover, the thicknesses extracted by the C-V measurements showed

similar but slightly greater values.

3.2.2 Etching and post-characterization of structures

The samples were etched with an alkali-based etchant (AZ400K photoresist devel-

oper [Az05]) for 3 min and 6 min. The etching procedure consisted on the sample

immersion in pure etchant which was pre-heated at 80°C. Table 3.2 shows the re-
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Table 3.1: Parameters for the three as-grown samples obtained by di�erent tech-
niques. RBS reported composition and thickness (tRBS). The thickness was also
obtained by XRD (tXRD). C-V measurements provided the 2DEG density (ns) and
thickness (tC-V) [Bra14].

SAMPLE RBS XRD C-V

Susbtrate In% Al% Ga% tRBS
(nm)

tXRD
(nm)

ns (·10
13 cm-2) tC-V

(nm)

A Sapphire 7 57.2 35.8 18 17 1.00 21.3

B SiC 3.4 66 30.6 18 16 0.93 22.0

C Si (111) 12 88 0 11.5 10 0.79 19.8

Table 3.2: Parameters of etched samples: thickness obtained by XRD (tXRD) and
the 2DEG density (ns) and depth (tC-V) extracted from the C-V measurements
[Bra14].

SAMPLE XRD C-V

Etching

time (min)

tXRD
(nm)

etch rate

(nm/min)

ns (·10
13 cm-2) tC-V

(nm)

etch rate

(nm/min)

A
3 15.5 0.5 0.909 20.7 0.2

6 14 0.5 0.968 15.3 1

B
3 11 1.7 0.49 20.8 0.7

6 8 1.3 0.91 18.2 0.8

C
3 3 2.3

6 0 >1.7

sults of the sample characterization after the etching as well as the average etch

rate which was extracted as:

etchrate =
(tbefore − tafter)
etchingtime

(3.2)

where tafter and tbefore correspond to the thickness before and after the wet-etching,

respectively.

Then, Schottky diodes were fabricated with the same characteristics than the

processed in the as-grown samples. Figure 3.5 presents the ns versus depth, which

were calculated from the C-V measurements.

The barrier of sample A and sample B were not completed etched away after

the experiments, whereas 2DEG was not measurable in sample C after 3 min-

etching, achieving the gate-recess. The thickness values extracted from the C-V



3.2. WET ETCHING IN INAL(GA)N/GAN HETEROSTRUCTURES 87

Figure 3.5: ns versus depth extracted from C-V measurements. In the case of
sample C no density of 2DEG was probed after 3 min-etching. As shown in the
inset, the revealed charge can possibly be due to inner defects [Bra14].
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Figure 3.6: Illustration of the e�ect of the etching on the measured thickness by
XRD and C-V measurements.

measurements were slightly greater than the provided by XRD (see table 3.2). This

can be explained because the roughness of the etched surface and the possible

induced defects may lead to an underestimation of the thickness due to the physics

of the XRD method [Bra14]. On the other hand, the thickness extracted from

C-V measurements includes the barrier material and the AlN spacer thicknesses.

Therefore, the uncertainty in this technique can be due to the di�culties to control

the AlN spacer thickness as well as the 2DEG density variation caused by the surface

roughness (see �gure 3.6). For this reason, the evaluation of the surface roughness

is required not only prior the wet-etching [Bra13b] but also after it. These studies

have been planned as future work (see chapter 7).

In summary, this work reported an extensive assessment of the low rate wet

etching in InAl(Ga)N/GaN heterostructures by XRD and C-V measurements. The

highest etch rates were obtained in the sample whose substrate presents the highest

mismatch to GaN. Therefore, it can be deduced that etch rate critically depends on

the density defects and dislocations present in the structure. Furthermore, the gate-

recess was achieved in the InAl(Ga)N/GaN grown on silicon substrate. However,

the surface roughness after etching needs to be controlled before using the wet-

etching as the standard procedure for the fabrication of InAl(Ga)N/GaN E-mode

devices.
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3.3 E-mode AlGaN/GaN HEMTs fabricated by

�uorination

3.3.1 Processing based on �uorine-based treatments

E-mode AlGaN/GaN devices were fabricated from standard D-mode heterostruc-

tures using two �uorine-based methods: CF4 plasma treatment and 19F+ implan-

tation. Figure 3.7 illustrates the fabrication steps of these E-mode HEMTs. Firstly,

the electrical isolation was obtained using an Ar/SF6-based plasma RIE. Then, a

Ti/Al/Ni/Au multilayer was deposited for ohmic contact formation and annealed

at 870°C during 30 s in �owing N2 atmosphere (see �gure 3.7a). Afterwards, e-beam

lithography was used to de�ne the gate contacts. Subsequently, the gate area was

treated by two di�erent procedures to introduce the �uorine ions and hence achieve

the E-mode performance (see �gure 3.7b):

� Fluorine-based plasma treatment consisted of a CF4 plasma for 200 s. It

was carried out at ISOM by means of the RIE system (see �gure 2.8a). The

optimized recipe parameters were 26 sccm of CF4, throttle of 33 mTorr, RIE

power of 60 W and 220 V DC bias.

� Fluorine ion implantation was performed using a 1012 cm-2 dose of 19F+

species at 50 KeV. Since our facilities lack of an implantation system, this

step was ordered to the American company Leonard Kroko Inc.

After the �uorine-treatment, the gate electrode was formed by e-beam evaporation

of (30 nm) Ni/ (170 nm) Au and lift-o� (see �gure 3.7c). Then, a thermal annealing

was done at 400°C in �owing 5% H2 / N2 atmosphere to repair the induced damages

[Mar10b].

3.3.2 Performance at high temperature

The study of E-mode HEMTs operating at high temperature is relevant not only

for their application in high temperature power switching applications, but also

for aging tests related to reliability. Therefore, E-mode devices with LG = 0.7

μm, LSD = 5 μm, and WG = 2x50 μm (see �gure B.1a) were fabricated using

both �uorine-based treatments described above to assessed their DC performance

at high temperature. The heterosctructure used was grown by MOCVD in Picogiga
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(a) (b)

(c) (d)

Figure 3.7: Schematic of the processing of E-mode HEMTs: (a) mesa and ohmic
contacts formation; (b) gate area de�nition and F-treatment; (c) Schottky contact
formation; and (d) passivation by means of a SiN layer.
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Figure 3.8: ID and gm recovery after thermal annealing. Solid and empty symbols
correspond to before and after annealing, respectively.

Labs (RSH= 512.4 Ω/2, ns= 7.0·1012 cm-2). It consisted of 2 nm GaN / 21.6 nm

Al0.28Ga0.72N / 1 μm GaN / 330 μm Si. The fabrication procedure used was the

described in the section 3.3.1. After the gate formation, a thermal annealing was

done at 400°C in �owing 5% H2 / N2 atmosphere to repair the induced damages.

Figure 3.8 shows the ID and gm recovery after this step. Finally, a SixNy layer

was deposited by PE-CVD to passivate the devices (see �gure 3.7d). Moreover,

D-mode HEMTs were fabricated at the same time as E-mode devices to take them

as reference. They were processed with all the same technology steps except of

the �uorine-based treatment under the gate and ulterior annealing in the process

describe above.

A VTH of -3.5 V was obtained (following the procedure described in section

2.3.3) for D-mode HEMTs, whereas it was around -0.45 V and -0.35 V for devices

fabricated by �uorine-based plasma and F implantation, respectively. Figure 3.9

compares their transfer characteristics and transconductance measured at VDS= 8

V with the obtained ones for the D-mode HEMTs used as reference. This di�erence

of about 3 V in VTH and their proximity to positive values allow us to consider

them as E-mode HEMTs. Devices treated with �uorine-based plasma presented

similar ID and gm values to the ones shown by D-mode devices. On the contrary,

E-mode HEMTs fabricated using �uorine ion implantation led to E-mode devices

with lower DC performance in terms of ID and gm. This can be explained because
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Figure 3.9: Transfer characteristics and transconductance at VDS = 8 V for E-mode
devices fabricated by both �uorine-based treatment and D-mode HEMT taken as
reference.

the implantation energy was high enough to not only introduce �uorine ions into

the channel, but also a�ect its crystal structure, which can signi�cantly reduce the

channel electron mobility as well as the transconductance of the device [Che10].

Furthermore, both plasma and implanted E-mode HEMTs exhibited worse input-

ouput linearly than D-mode HEMTs since their gm pro�le over the VGS showed a

greater decrease at at higher VGS. This can be attributed to the increase of the

gate-source and and gate-drain resistances caused by the �uorine treatments.

DC characterization was carried out at di�erent temperatures using the semi-

conductor parameter analyzer Agilent HP4156C and the Wenesco hot plate. The

thermal cycle (TC) started from 25°C to 225°C, with a step of 50°C. This study

included the measurements of the output and transfer characteristics as well as the

transconductance. Furthermore, gate leakage current (IG) was also measured and

the RON value extracted since both are relevant parameters for power switching

applications. The temperature in�uence on the main DC parameters was assessed

for E-mode and D-mode devices. As �gure 3.10 shows, ID decreases almost linearly

with temperature for E-mode devices fabricated using both methods [Mar11a]. This

dependence was also observed in D-mode devices [Cue08] and can be mainly at-

tributed to the electron mobility degradation with temperature [Mae01, Zha09].

However, this linear decrease of ID with Tamb is di�erent for each kind of devices,

which can be attributed to the impact of these treatments on the electron mobil-
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Figure 3.10: ID.max dependence on temperature for E-mode and D-mode devices
when VGS = VTH + 3.5 V. Solid and empty symbols correspond to the values
during and after TC, respectively.

ity. Furthermore, plasma treated devices exhibited a more pronounced reduction of

ID.max in comparison with the implanted HEMTs which suggests that these treat-

ments have di�erent e�ects on the thermal dependence of the electron mobility.

The initial values of ID.max were recovered after TC in all the devices under study.

Similarly to ID, gm also showed an almost linear dependence on temperature in

E-mode HEMTs regardless of the �uorine-based treatment, in the same way than in

D-mode devices [Cue08] (see �gure 3.11). This is also associated with the electron

mobility reduction when temperature is increased. Plasma treated devices also

exhibited a greater reduction of gm.max in comparison with the implanted HEMTs,

which is in good agreement with the decrease observed in ID.max.

Devices fabricated using �uorine ion implantation exhibited lower ID and gm
than both the plasma treated and reference HEMTs. This can be attributed to the

damages induced during the implantation, which could a�ect the crystal structure,

reducing dramatically the electron mobility in the channel and the transconductance

of the device [Che10]. As a consequence, their temperature dependence was weaker

leading to a lower decrease of both ID and gm comparing with the other devices.

The evaluation of IG dependence on temperature is relevant due to its in�u-

ence on the power losses in power switching applications. Fluorine ion implanted

devices showed higher o�-state IG at RT than both plasma-treated and reference

HEMTs, probably due to the induced damages which were not completely recovered

during the thermal annealing. As �gure 3.12 presents, o�-state IG increased when
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Figure 3.11: Thermal dependence of gm.max for E-mode and D-mode devices when
VDS = 10 V. Solid and empty symbols correspond to the values during and after
TC, respectively.

temperature raised. This positive temperature dependence of o�-state IG are due to

the temperature assisted tunneling phenomena [Aru03]. Implanted E-mode HEMTs

exhibited higher o�-state IG than plasma treated and D-mode devices, probably due

to higher number of the non-recoverable crystal damages caused during the implan-

tation. Interestingly, the increase of IG with temperature is more pronounced in

E-mode HEMTs than in the reference devices. This may be associated with the

thermal activation of traps generated during the �uorine treatments. Furthermore,

the initial values were also recovered after TC.

RON is also an important parameter in power switching applications due to

its impact on the switching losses. Figure 3.13 illustrates the thermal in�uence

on RON. E-mode devices presented similar RON values at RT regardless of the

treatment performed. However, they were higher than those ones extracted for

D-mode HEMTs, which can be attributed to an increase of the channel resistance

caused by the �uorine treatments. The RON values increased with temperature in

a similar percentage for E-mode and D-mode devices (between 55% and 60%) and

were restored after TC.

It can be deduced from the obtained results that, although both methods

enable the fabrication of E-mode HEMTs, the use of the �uorine-based plasma

resulted in devices with similar DC performance at RT to the D-mode, in terms of

ID, gm and IG but higher RON value. Moreover, the reversible thermal dependence

of the main DC parameters was demonstrated.
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Figure 3.12: IG dependence on temperature for E-mode and D-mode devices when
VDS = 20 V and VGS ≈ VTH - 2.5 V (approximately -6 V, and -3 V for D-mode and
E-mode devices, respectively). Solid and empty symbols correspond to the values
during and after TC, respectively.

Figure 3.13: Thermal dependence of RON calculated as the inverse of the slope of
the ID vs VDS in the linear region when VGS = VTH + 3.5 V. Solid and empty
symbols correspond to the values during and after TC, respectively.
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3.3.3 Thermal and time dependence of VTH
2

The VTH stability needs to be addressed in search of a thermal and time stable

E-mode processing method. With this purpose, E-mode HEMTs with LG = 1.4

μm, LSD = 5 μm, and WG = 2x50 μm (see �gure B.1b) were fabricated by means of

the two �uorine-based treatments in order to study the impact of annealing time in

VTH as well as its dependence on temperature. The heterostructure used was grown

by MOCVD in Picogiga Labs. (RSH= 512 Ω/2, ns= 8.3·1012 cm-2). It consisted

of 2 nm GaN / 22 nm Al0.28Ga0.72N / 1.1 μm GaN / 330 μm Si. No passivation

dielectric was deposited to limit VTH e�ects to �uorine-related phenomena only

[Lu02]. Furthermore, an EPC1012 HEMT from the American company E�cient

Power Conversion Corp. (EPC) was also included in this experiment. Initial relia-

bility studies on these devices indicated within 1.4% of measured value of 1.254 V

upon annealing a bare die sample at 400°C for 10 min [Epc14].

SIMS pro�les of three control HEMT samples implanted with 19F+ at energies

of 10, 20, and 50 KeV showed peak �uorine counts at approximately 27, 32, and 64

nm from the surface (see �gure 3.14). At 50 KeV, which is the energy used in the

�uorine ion implantation for the E-mode fabrication, the �uorine ion concentration

up to 90 nm depth remained between 2·1017 and 3.6·1017 cm-3, comparable to the

concentration at the surface (3·1017 cm-3). Therefore, implanted ions were present

on both sides of the 2D channel, creating a depletion region well within the GaN

layer. On the other hand, the SIMS pro�le of CF4 plasma treatment revealed that

the �uorine ion concentration in the AlGaN barrier was an order of magnitude

higher than the one incorporated in the GaN layer 25 nm below the 2DEG [Cai06].

The VTH of D-mode HEMTs processed identically to E-mode devices but

without any treatment prior to gate deposition was -4.05 V. Figure 3.15 presents

VTH of E-mode devices as a function of the annealing time. Plasma treated devices

initially had VTH = 0.25 V and gm.max = 5 mS/mm. After a 10-min thermal

annealing at 400°C, they presented a VTH = -1.95 V, and a recovered gm.max of 143

mS/mm. On the other hand, implanted HEMTs had a VTH = -0.81 V and gm.max

= 1.9 mS/mm before thermal annealing. These values changed to VTH = -0.16

V and gm.max = 34.1 mS/mm after 9-min thermal annealing at 400°C. Therefore,

the deeper F implantation pro�le resulted in an improved VTH stability. The VTH

2This work was carried out in collaboration with Dr. M. J. Tadjer at the facilities of the ISOM
and NRL [Tad11].
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Figure 3.14: SIMS pro�les of three control HEMT samples implanted with 19F+

with a 5·1012 cm-2 and 10-50 KeV energies [Tad11].

Figure 3.15: VTH of CF4-plasma and F implanted HEMTs as a function of annealing
time [Tad11].

positive shift observed in the implanted E-mode HEMTs can be attributed to the F

migration towards surface [Wan09b]. Although the annealing led to an gm increase

on both samples, the F implanted devices presented lower transconductance than

D-mode HEMTs (gm.max = 170 mS/mm), which resulted in lower ID.
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Figure 3.16: VTH as a function Tamb for research grade E-mode devices fabricated
by means of a CF4 plasma or a F ion implantation as well as for a commercial EPC
device.

The study of VTH as a function of Tamb revealed a good thermal stability for

the fabricated E-mode devices (see �gure 3.15), since VTH remained within 0.03 V

and 0.1 V for CF4-plasma and F implantation devices, respectively. This can be

due to the weak temperature dependence of the polarization constants [Amb00].

On the other hand, the commercial EPC1012 showed a VTH increase by 0.31 V to

1.42 V as Tamb increased to 120°C [Tad11].

In summary, VTH stability was assessed in both commercial and research

grade AlGaN/GaN HEMTs. Post-gate annealing led to di�erent e�ects on VTH

depending on the treatment. VTH changed towards more negative values for CF4
-plasma devices, whereas it changed to more positive values for F implanted de-

vices. Therefore, post-gate annealing resulted in an improved VTH for F implanted

devices. Furthermore, the fabricated devices presented good thermal stability when

Tamb was increased. Moreover, commercial devices showed higher VTH values and

excellent thermal stability.

3.4 Summary and conclusions

In this chapter di�erent approaches for the E-mode HEMT fabrication has been in-

vestigated. Firstly, an extensive study of the InAl(Ga)N wet etching was performed



3.4. SUMMARY AND CONCLUSIONS 99

in heterostructures grown on sapphire, SiC, and Si. These structures were charac-

terized by RBS, XRD, and C-V measurements prior to the wet etching to know

more accurately the composition and thickness of their barriers as well as their ns.

Then, the samples were etched during 3 min or 6 min. XRD and C-V measurements

were carried out to estimate the barrier thickness after the etching and calculate the

etch rate for each heterostructure. Di�erent etch rate values were obtained depend-

ing on the structure, the greatest values corresponded to the structure grown on Si.

Therefore, the etch rate could critically depend on the dislocations present in the

structure, since Si shows the highest mismatch to GaN. In fact, after 3 min etch,

this heterostructure presented a very thin barrier, and hence, no 2DEG. This means

that the gate-recess was achieved in this structure. However, the surface roughness

should be evaluated before considering this approach as a suitable alternative for

the InAl(Ga)N/GaN E-mode fabrication.

Secondly, two di�erent �uorine-based treatments: CF4-plasma and 19F+ ions

implantation were used to process E-mode AlGaN/GaN devices. Plasma-treated

devices presented better DC performance at RT than the implanted HEMTs, and

comparable to the D-mode HEMTs in terms of high ID and gm, as well as low

o�-state IG. Afterwards, their DC performances at high temperature (from RT to

225°C) were compared. ID and gm were demonstrated to decrease with temperature

regardless of the device processing, whereas IG and RON increased with tempera-

ture. These thermal e�ects were reversible since the initial values were recovered

after the thermal cycle. Furthermore, the VTH time stability during the post-gate

annealing was evaluated. Plasma-treated devices showed a negative VTH shift with

time whereas implanted devices presented a VTH change to more positive values.

This improved stability of the implanted devices was attributed to the deeper F

implantation pro�le. Moreover, the study of the VTH when devices operate at high

temperature demonstrated the good VTH thermal stability of the E-mode devices

regardless of the method used for their fabrication.





Chapter 4

Performance of (InAl)GaN

HEMTs at di�erent ambient

temperatures

The thermal aspects are very relevant in GaN-based HEMTs not only because sev-

eral applications involve the operation at either low temperature (space application)

or high temperature (hybrid car) but also for reliability tests. This chapter is ded-

icated to the thermal assessment of HEMTs with di�erent characteristics. Firstly,

the possible bene�ts of di�erent cap layers (GaN, in situ SiN, and in situ SiN/GaN)

are evaluated. To do so, the performance at di�erent ambient temperatures (from

25 K to 550 K) of both diodes and HEMTs are studied as well as their operation

after thermal stress (500°C during 5 min, 60 min, and 20 hours). Then, it describes

the performance at high temperature of InAlN barrier HEMTs with di�erent ge-

ometries and layouts.

4.1 E�ect of di�erent cap layers: GaN, in situ SiN,

and in situ SiN/GaN

GaN HEMTs are suitable components in power ampli�ers for transmission of wire-

less communication and radar systems, which need high-output power and high ef-

�ciency performance operating at frequencies of GHz. Recently, GaN-based device

research has been expanding to power conversion electronics [Jos14]. For instance,

101
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GaN-on-Si HEMTs could replace Si power metal-oxide-silicon FETs in the DC-DC

converters since they o�er signi�cantly lower on-resistance and e�ciently operate

at higher frequencies [Tan10]. Although the key criterion for market adoption is the

cost, GaN-on-Si HEMTs can be considered as a reasonable perspective in terms of

cost/performance ratio, due to the unique possibility to grow advanced heterostruc-

tures on large diameter Si substrates. Additionally, their fabrication could be de-

veloped to be compatible with CMOS standard technology, which opens very good

perspective in further cost reduction by leveraging on Si economy of scale [Ger10].

The main requirements for power conversion are high VBD, reduced on-resistance,

high switching frequency, small gate capacitance and low leakage currents at high

reverse voltages as well as good reliability [Ger10].

On the other hand, a great e�ort has been made in the heterostructure design.

For example, the introduction of a GaN cap layer has been demonstrated to improve

the DC reliability compared to those without GaN cap [Wal09]. Moreover, the

increase of the GaN cap thickness led to a signi�cant reduction of the gate and drain

leakage currents, as well as the ohmic contact resistance. This decrease in the ohmic

contact resistance could be attributed to their di�erent surface compositions: in the

case of a 3 nm thin cap the ohmic contact metal stack is on a GaN surface, whereas

for 1 nm a transition is reached due to the �nite roughness of the AlGaN surface

before growth of the GaN cap [Wal09]. Furthermore, in situ Si3N4/AlGaN/GaN

HEMT devices grown on Si substrate exhibited very low gate leakage current as well

as reduced dispersion e�ects [Ger08]. The in situ Si3N4 cap layer not only plays

the important role of surface states passivation, but also reduces stress relaxation

of the strained AlGaN layer grown on top of the GaN [Ger08]. Moreover, an in situ

Si3N4 cap layer has been demonstrated to improve the robustness of devices under

harsh conditions [Mar10c, Med10].

During this thesis, a systematic investigation of AlGaN/GaN on Si HEMTs

with di�erent cap layers: GaN, in situ SiN, and in situ SiN/GaN was performed,

paying special attention to the requirements for power conversion. The obtained

results related to leakage currents, on-resistance, and capacitance are presented in

this chapter, whereas the ones concerning dispersion e�ects due to trapping e�ects

will be described in chapter 6.



4.1. EFFECT OF DIFFERENT CAP LAYERS: GAN, IN SITU SIN, AND IN

SITU SIN/GAN 103

(a) (b) (c)

Figure 4.1: Simpli�ed schemes of the device structures under study.

4.1.1 Experimental details

Device heterostructures were grown on highly resistance (HR) Si (111) substrate by

MOCVD and were nominally equal except for the cap layer. The detailed structures

were: cap / 25 nm Al0.25Ga0.75N / 2 μm GaN / 575 μm HR-Si, where cap was 3

nm GaN, 3 nm in situ SiN; or 3 nm in situ SiN / 3 nm GaN (see �gure 4.1). These

devices were fabricated at NRL following the procedure described in section 2.2.2.

An ICP etching was performed to achieve the device electrical isolation. Then,

ohmic contacts were directly formed onto the cap layer by e-beam evaporation

of Ti/Al/Ni/Au annealed at 850°C for 30 s in N2 atmosphere. Ni/Au Schottky

contacts were created directly onto the cap layer. Finally, a 100 nm thick SixNy

layer was deposited by PE-CVD. The HEMT layout consisted of one �nger device

with a LG = 3 μm, WG = 100 μm, and two values of LGD, namely 2.5 μm and 15

μm (see �gure B.2). Additionally, circular Schottky diodes or MIS-diodes, in the

case of the structures with in situ SiN (see �gure 2.21) were processed to evaluate

properties related to the gate contact. Their diameter was 150 μm.

The processed samples were diced and then characterized applying one of the

following assessment protocols:

� Characterization of diodes and HEMTs at di�erent Tamb, from 25 K to 550 K.

I-V and C-V measurements were performed in diodes while output character-

istics, transfer characteristics and tranconductance were obtained for HEMTs.

The equipment used consisted of the Agilent HP4156C semiconductor param-

eter analyzer and the Agilent HP4284 precision LCR meter, together with the

low/high Janis probe station.
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� Evaluation of thermal stress impact on diode and HEMT performances. The

thermal stress consisted of the device storage at 500°C for 5 min, 60 min, or

20 hour in a N2 atmosphere. Devices were tested before and after thermal

stress. In this case, the equipment used consisted of the Agilent HP4156C

semiconductor parameter analyzer, the Agilent HP4284 precision LCR meter,

and the Karl Suss DC probe station.

4.1.2 Characterization at di�erent Tamb

Diode characterization

The I-V measurements in diodes revealed that devices with in situ SiN and in situ

SiN/GaN cap layers exhibited a strong reduction of the current density, between

two and three orders of magnitude lower than the devices with GaN cap. As �gure

4.2 illustrates, the current density slightly increased with Tamb regardless of the cap

layer. Moreover, its value remained very low for those diodes with in situ SiN and

in situ SiN/GaN cap layers. From the results, it can be deduced that the in situ

SiN cap led to lower gate currents.

After the thermal cycle, the characterization of these diodes was repeated to

evaluate its possible e�ects on their performance. Figure 4.3 shows that the initial

current density was recovered regardless of the cap. These results suggested that

HEMTs on these heterostructures could operate in this range of temperature with

no gate electrode degradation.

C-V measurements were performed on these devices at di�erent frequencies

from 10 KHz to 1 MHz obtaining similar results in this range of frequencies. Figure

4.4 presents the C-V pro�les at di�erent Tamb. As expected, higher capacitance

values were obtained in the diodes with GaN cap due to its higher ε. Furthermore,

the lowest capacitance values were measured in MIS-diodes with in situ SiN/GaN.

No hysteresis was observed regardless of the cap layer, which means that no e�ective

mobile charges were present in the structures. Moreover, the increase of Tamb led

to a positive shift in the �atband voltage (VFB) regardless of the cap layer. As

�gure 4.5 shows, this positive VFB shift remained in devices with GaN and in situ

SiN/GaN cap layers. This can be explained by the presence of negative �xed trap

charges in the heterostructure after the thermal cycle, and could be related to the

current collapse in HEMTs, which will be studied in detail in chapter 6.



4.1. EFFECT OF DIFFERENT CAP LAYERS: GAN, IN SITU SIN, AND IN

SITU SIN/GAN 105

(a)

(b)

(c)

Figure 4.2: I-V curves measured at di�erent Tamb in diodes fabricated on het-
erostructures with (a) GaN, (b) in situ SiN, and (c) in situ SiN/GaN cap layer.
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(a)

(b)

(c)

Figure 4.3: I-V curves measured at RT during (line) and after (symbols) the thermal
cycle in diodes fabricated on heterostructures with: (a) GaN cap, (b) in situ SiN,
and (c) in situ SiN/GaN cap layer.
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(a)

(b)

(c)

Figure 4.4: C-V curves measured at di�erent Tamb in diodes fabricated on het-
erostructures with: (a) GaN cap, (b) in situ SiN, and (c) in situ SiN/GaN cap
layer.
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(a)

(b)

(c)

Figure 4.5: C-V curves measured at RT during (line) and after (symbols) the ther-
mal cycle in diodes fabricated on heterostructures with: (a) GaN cap, (b) in situ

SiN, and (c) in situ SiN/GaN cap layer.
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Table 4.1: DC parameters measured at RT for devices with di�erent cap layers (LG
= 3 μm, LGD = 2.5 μm, and WG = 100 μm). ID.max corresponds to the maximum
ID at VGS = 0 V. RON was extracted from the ID - VDS curve at VGS = 0 V. gm.max

is the maximum gm at VDS = 9.9 V. ID.o� and IG.o� correspond to the value of ID
and IG, respectively, when the devices were biased in o�-state at VGS = -6 V and
VDS = 20 V.

Cap layer ID.max
(A/mm)

RON

(Ω/mm)
gm.max
(mS/mm)

ID.o�
(μAmm)

|IG.o� |
(μAmm)

GaN 0.29 7.6 132.2 460 58
in situ SiN 0.39 5.5 135.3 5 0.2

in situ

SiN/GaN
0.27 7.5 102.6 125 15

HEMT characterization

Prior to the thermal cycle, HEMTs with di�erent cap layers were measured at RT.

Table 4.1 summarizes the values obtained for most of the DC parameters which are

relevant for power conversion applications, more speci�cally for the development of

power switches. In situ SiN/AlGaN/GaN devices exhibited the best performance

in terms of higher ID and gm as well as lower RON. Besides their best performance

in on-state, these devices also showed the more suitable o�-state behavior regarding

the ID and IG at high reverse voltages.

Then, the HEMT characterization performed from 25 K to 550 K revealed

the thermal dependence of the device performance. Figure 4.6a shows that ID
and gm decrease with Tamb, and �gure 4.6b presents the increase in RON with

Tamb regardless of the cap layer. This is mainly due to the thermal dependence

of the electron mobility (see �gure 4.7) and secondly to the drift velocity decrease

with temperature. Furthermore, �gure 4.8 illustrates the degradation of the ID.o�
and IG.o� linked to the increased Tamb. Measurements performed at RT after the

thermal cycle demonstrated that the initial values of these parameters were restored

regardless of the cap layer. Comparing the results shown in �gure 4.6 and �gure 4.8

for devices with di�erent cap layers, it can be deduced that in situ SiN/AlGaN/GaN

devices exhibited the best performance in terms of the highest ID and gm, as well

as the lowest RON, ID.o� and IG.o�. This con�rms the suitability of the in situ SiN

cap layer for power conversion applications since it not only improves the device

performance but also reduces the leakage currents at high reverse voltages [Mar13a].
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(a)

(b)

Figure 4.6: (a) ID.max and gm.max and (b) RON as a function of Tamb for devices
with di�erent cap layers: GaN, in situ SiN, and in situ SiN/GaN (LG = 3 μm, LGD
= 2.5 μm, and WG = 100 μm). ID.max corresponds to the maximum ID value at
VGS = 0 V. RON was extracted from the ID - VDS curve at VGS = 0 V. gm.max is
the maximum gm value at VDS = 9.9 V.

This can be associated with the fact that this cap layer not only passivate the surface

traps but also reduce the stress relaxation of the strained AlGaN layer grown on

top of the GaN [Ger08].
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Figure 4.7: Thermal dependence of mobility [Zha11].

Figure 4.8: ID.o� and IG.o� as a function of Tamb for devices with di�erent cap
layers: GaN, in situ SiN, and in situ SiN/GaN (LG = 3 μm, LGD = 2.5 μm, and
WG = 100 μm). ID.o� and IG.o� correspond to the values of ID and IG, respectively,
when the devices were biased in o�-state at VGS = -6 V and VDS = 20 V.
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4.1.3 Thermal stress

Diode characterization

Diodes were evaluated before and after the sample storage at 500°C during 5 min,

60 min, or 20 h, in a N2 atmosphere. Note that fresh devices were used for each

thermal stress. The parameters used to evaluate the thermal stress e�ects on the

diode performance were the normalized reverse Idiode (Idiode.invnormalized) and the

variation of VFB (ΔVFB). Idiode.invnormalized was calculated as:

I
normalized

diode.inv = Iafterdiode.inv/I
before
diode.inv (4.1)

were Idiode.invafter and Idiode.invbefore correspond to Idiode.inv measured at Vdiode = -6

V after and before the thermal stress, respectively.

On the other hand, ΔVFB was calculated as:

ΔVFB = V after
FB − V before

FB (4.2)

where VFB
after and VFB

before correspond to the VFB extracted from the C-V mea-

surements done at f = 1 MHz after and before the thermal stress, respectively.

Figure 4.9 summarizes the trends observed for Idiode.invnormalized and ΔVFB.

Figure 4.9a reveals that no signi�cant degradation was observed for Idiode.inv up to

20 h regardless of the cap layer. Furthermore, in situ SiN/AlGaN/GaN devices

exhibited the lowest Idiode.inv increase. Figure 4.9b shows that some VFB changes

regardless of the cap layer. A positive VFB shift was detected in GaN and in situ

SiN/GaN devices, whereas a negative VFB shift was observed for in situ SiN-cap

devices. These VFB variations could be caused by the presence of �xed trap charges

in the heterostructure after the thermal stress, and could be related to the current

collapse in HEMTs, which will be evaluated in chapter 6.

HEMT characterization

HEMT performance was characterized before and after the sample storage at 500°C

during 5 min, 60 min, or 20 h in a N2 atmosphere. It is interesting to note that

fresh devices were used for each thermal stress. The parameters used to evaluate the

thermal stress e�ects on the HEMT performance were the normalized ID.max, RON,

and gm.max, i.e., ID.max
normalized, RON

normalized and gm.max
normalized, respectively.

ID.max
normalized was calculated as:
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(a)

(b)

Figure 4.9: (a) Idiode.invnormalized and (b) ΔVFB after di�erent thermal stress in
devices with di�erent cap layer: GaN, in situ SiN, and in situ SiN/GaN.
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I
normalized

D.max = IafterD.max/I
before
D.max (4.3)

where ID.max
after and ID.max

before correspond to maximum ID values measured at

VGS = 0 V after and before the thermal stress, respectively.

On the other hand, RON
normalized was calculated as:

R
normalized

ON = Rafter
ON /Rbefore

ON (4.4)

where were RON
after and RON

before correspond to the RON values extracted from

the ID - VDS curve at VGS = 0 V measured after and before the thermal stress,

respectively.

Similarly, gm.max
normalized was calculated as:

g
normalized

m.max = gafterm.max/g
before
m.max (4.5)

where were gm.max
after and gm.max

before are gm.max values obtained at VDS = 9.9 V

after and before the thermal stress.

As �gure 4.10 shows, no signi�cant degradation was observed in the device

performance regardless of the stress time. These results are in good agreement with

the previously reported in [Mar10c, Med10]. A slight increase of ID.max, gm.max as

well as a RON reduction were observed up to 1 hour-thermal stress. Furthermore,

GaN/AlGaN/GaN devices presented an improved performance even after 20 hours

of thermal stress. This could be attributed to the SiN passivation of the cracks in

GaN cap layer during the thermal stress.

The thermal stress impact on the device performance in o�-state was also

assessed. To do so, the parameters used were the normalized ID.o� and IG.o�, i.e.

ID.o�normalized and IG.o�normalized, respectively. They were calculated as:

I
normalized

D.off = IafterD.off/I
before
D.off (4.6)

I
normalized

G.off = IafterG.off/I
before
G.off (4.7)

where the superscript after/before means the evaluation of the respective ID.o� or

IG.o� measured at VGS = -6 V and VDS = 20 V after/before the thermal stress.

Figure 4.11a reveals that ID.o� signi�cantly increased with the thermal stress

time except for in situ SiN/AlGaN/GaN devices. On the other hand, �gure 4.11b



4.1. EFFECT OF DIFFERENT CAP LAYERS: GAN, IN SITU SIN, AND IN

SITU SIN/GAN 115

(a)

(b)

(c)

Figure 4.10: (a) ID.max
normalized, (b) RON

normalized, and (c) gm.max
normalized calcu-

lated after di�erent stress times for devices with di�erent cap layers: GaN, in situ

SiN, and in situ SiN/GaN.
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(a)

(b)

Figure 4.11: (a) ID.o�normalized and (b) IG.o�normalized after di�erent thermal stress
in devices with di�erent cap layer: GaN, in situ SiN, and in situ SiN/GaN.

shows that IG.o� remained almost constant up to 20 hours except for GaN/AlGaN/GaN

devices. Therefore, the excellent o�-state performance observed in situ SiN/AlGaN/GaN

devices agreed with the previously reported in [Mar10c, Med10].

In summary, in situ SiN/AlGaN/GaN devices, both diodes and HEMTs ex-

hibited the best performance at RT. Speci�cally, in the case of HEMTs, they pre-

sented the highest ID, highest gm and lowest RON, as well as the best o�-state

characteristics. Moreover, a HEMTs performance degradation was observed in-

creasing the temperature regardless of the cap layer. This is mainly due to the

thermal dependence of electron mobility and secondly to the drift velocity decrease
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with increasing temperature. These thermal e�ects were restored after the thermal

cycle, which con�rms the good thermal stability of the AlGaN/GaN heterostruc-

ture. Furthermore, thermal stress tests con�rmed the robustness of the in situ

SiN/AlGaN/GaN devices.

4.2 E�ect of di�erent layouts and geometries

GaN-based HEMTs can be used in power conversion applications which may involve

high temperature, either due to the environment or generated by the device opera-

tion. Di�erent technological and design aspects, such as the substrate or the device

geometry can in�uence the �nal device performance at high temperature [Cue08b].

Several theoretical and experimental studies related to the high-temperature per-

formance of AlGaN/GaN HEMTs were reported in the last two decades [Chan05,

Don08, Gas97]. Some of them were focused on the study of the substrate in�uence

on the device performance at high temperature [Aru02, Cue08a]. In particular,

Cuerdo et al. [Cue08a] reported that devices on SiC substrate showed a better DC

performance but higher degradation rate at high temperature than devices grown

on sapphire substrate. Other investigations paid special attention to the impact of

the device layout [Cue08a] and geometry [Tan06, Cue08b] on the high-temperature

operation. For instance, Cuerdo et al. concluded that compact devices with short

LG and LDS distances seemed to be advantageous for HT operation since they

reached higher ID and gm values with a weaker thermal dependence than larger de-

vices. This was attributed to the thermal evolution of the drift velocity for di�erent

electric �elds [Cue08b].

Despite of this work, however, no reports related to InAlN barrier devices were

found in the literature. Therefore, a systematic study of the high temperature DC

performance of InAlN/GaN on SiC HEMTs was carried out during this thesis, using

devices with di�erent layouts and geometries were evaluated from RT to 225°C.

4.2.1 Experimental details

Two heterostructures grown on SiC substrate by MOCVD were used for the fab-

rication of the devices under study. The detailed device structures were: 10 nm

In0.18Al0.82N / 1 nm AlN / 1.7 μm GaN / 300 μm SiC; and 3 nm GaN / 10 nm

In0.17Al0.83N / 1 nm AlN / 2 μm GaN / 300 μm SiC. Figure 4.12a represents the
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heteostructure of the multi�nger devices fabricated at III-V Labs. Their processing

were similar to the described in section 2.2.2 except for the electrical device isola-

tion which was achieved by Ar implantation. Then, the ohmic contacts were formed

by the evaporation of Ti/Al/Ni/Au annealed at 900°C for 30 s in N2 atmosphere.

Schottky contacts were created by evaporation of a Ni/Au bilayer. Finally, devices

were passivated by a 250 nm thick SixNy layer deposited by PE-CVD. The HEMT

layout consisted of U-shape devices with a �xed LG = 250 nm, and variable WG =

2x100 μm, 2x75 μm, and 8x75 μm (see �gure B.3).

On the other hand, �gure 4.12b corresponds to the heterostructure of the

one �nger HEMTs. These devices were fabricated at NRL following the procedure

described in section 2.2.2. An ICP etching was performed to achieve the device

electrical isolation. Then, ohmic contacts were directly formed by e-beam evapora-

tion of Ti/Al/Ni/Au and annealed at 850°C for 30 s in N2 atmosphere. A Ni/Au

bilayer was evaporated to create the Schottky contacts. Finally, a 100 nm thick

SixNy layer was deposited by PE-CVD. Their layout consisted of one �nger devices

grouped depending on their geometry: a LG = 3 μm, WG = 100 μm, and variable

LGD from 10 μm to 20 μm (see �gure B.4); or a �xed LGD = 15 μm, WG = 100 μm,

and variable LG from 1.5 μm to 6 μm (see �gure B.5).

The assessment protocol involved the HEMT characterization from RT to

225°C and at RT after the thermal cycle. Their main DC parameters were obtained

from the ID - VDS and transconductance measurements. The equipment used con-

sisted of the Agilent HP4156C semiconductor parameter analyzer and the Karl Suss

DC probe station.

4.2.2 Layout

Figure 4.13 illustrates the thermal dependence of the main DC parameters for InAlN

multi�nger devices. ID.max and gm.max decreased and RON increased almost linearly

with temperature regardless of the device layout. This is mainly due to the thermal

dependence of the electron mobility and secondly to the drift velocity decrease with

temperature. ID.max values measured in 8x75 µm-wide devices (ID.max = 0.35 A

at RT) were higher than the obtained in 2x75 µm-wide devices (ID.max = 0.12 A

at RT) regardless of Tamb, which can be deduced from eq. 1.10. However, the

ID values normalized by the WG, and hence expressed in A/mm units, were much

lower in 8x75 µm-wide devices (see �gure 4.13a). This is probably because the self-
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(a) (b)

Figure 4.12: Device heterostructures used for the assessment of the InAlN/GaN
device performance at high temperature.

heating increases signi�cantly with the number of �ngers. A similar tendency was

observed for gm values (see �gure 4.13b) [Mar11b]. On the other hand, the thermal

degradation was not reversible in these devices, since the initial values were not

restored after the thermal cycle. This is likely related to the degradation of the

Schottky contacts.

4.2.3 Gate length, LG

Figure 4.14 shows the thermal dependence of DC performance for devices with �xed

LGD = 15 µm and WG = 100 µm, and variable LG. According to eq. 1.10 and eq.

1.11, higher ID.max and gm.max values were obtained for shorter LG values. On

the other hand, ID.max and gm.max decreased and RON increased with temperature

regardless of LG. This reduction exhibited an almost linear dependence on Tamb

for the temperature range under study (from RT to 225°C).

Tang et al. evaluated the thermal dependence of the performance of Al-

GaN/GaN devices with LG between 120 nm and 100 µm from RT to 500°C [Tan06].

They found that for short values (sub-micron) of LG, ID presented a roughly Tamb
-0.5

dependence; whereas at long LG values, ID showed a Tamb
-1.5 dependence. However,

the thermal dependence of their results can be also approximated to Tamb
-1 in the

temperature range covered during this experiment (RT to 225°C) which would be in

good agreement with the results shown in �gure 4.14. It is interesting to note that
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(a)

(b)

(c)

Figure 4.13: Multi�nger device performance at high temperature: (a) ID.max ob-
tained at VGS = 0 V; (b) gm.max measured at VDS = 9.9 V; and (c) RON extracted
from the ID - VDS curve at VGS = 0 V. Solid and empty symbols correspond to
the values obtained during the thermal cycle and at RT after the thermal cycle,
respectively.
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(a)

(b)

(c)

Figure 4.14: Device performance at high temperature for devices with LGD = 15
µm, WG = 100 µm, and variable LG: (a) ID.max obtained at VGS = 0 V; (b) gm.max

measured at VDS = 9.9 V; and (c) RON extracted from the ID - VDS curve at VGS =
0 V. Solid and empty symbols correspond to the values obtained during the thermal
cycle and at RT after the thermal cycle, respectively.
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Figure 4.15: ID.max (square symbols) and gm.max (circular symbols) at 225°C nor-
malized by their values at RT as a function of LG.

these thermal e�ects were reversible regardless of the LG since the initial values of

the DC parameters were restored after the thermal cycle.

Figure 4.15 reveals that the reduction in both ID and gm from RT to 225°C

was greater for devices with larger LG. Similar results were reported by Cuerdo

et al. for LG values between 2 µm and 41 µm. [Cue08b]. They associated this

LG dependence with the thermal evolution of the drift velocity for di�erent electric

�elds, since increments in temperature induce a decrease of the drift velocity at a

higher rate for low �elds. Therefore, larger LG values mean weaker �elds under

the gate, and relative reduction of ID and gm with Tamb approaches the electron

mobility reduction [Cue08b].

4.2.4 Gate-to-drain distance, LGD

Figure 4.16 presents the thermal dependence of DC performance for �xed LG = 3

µm and WG = 100 µm, and variable LGD. ID.max and gm.max decreased and RON

increased with temperature, regardless of LGD. Similarly to the observed in �gure

4.14, this performance reduction exhibited an almost linear dependence on Tamb

for the temperature range under study (from RT to 225°C).

The initial values of these DC parameters were restored after the thermal

cycle, therefore the observed thermal e�ects were reversible regardless of the LGD.

The ID and gm reduction with temperature exhibited a LGD dependence, as �gure
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(a)

(b)

(c)

Figure 4.16: Device performance at high temperature for devices with LG = 3 µm,
WG = 100 µm, and variable LGD: (a) ID.max obtained at VGS = 0 V; (b) gm.max

measured at VDS = 9.9 V; and (c) RON extracted from the ID - VDS curve at VGS =
0 V. Solid and empty symbols correspond to the values obtained during the thermal
cycle and at RT after the thermal cycle, respectively.
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Figure 4.17: ID.max (square symbols) and gm.max (circular symbols) at 225°C nor-
malized by their values at RT, as a function of LGD.

4.17 shows. For example, devices with LGD = 15 µm exhibited a lower ID.max

reduction (43.5%) than devices with LGD = 20 µm (48%). A similar dependence

was reported by Cuerdo et al. for AlGaN/GaN devices [Cue08b]. They explained

that reducing LGD means lower drain resistance value and higher electric �eld on

the gate, whose e�ect is like reducing the LG. This leads to lower performance

degradation at high temperature, as was previously seen in �gure 4.15.

In summary, InAlN/GaN HEMTs exhibited an almost linear reduction of the

main DC parameters operating in a temperature range from RT to 225°C, regardless

of either their layout or their geometry. Moreover, it was demonstrated that these

performance degradation could be dependent on the LG and the LGD values, since

larger LG or LGD led to a greater reduction of both ID.max and gm.max with Tamb.

The observed decrease of ID.max from RT to 225°C varied from 42.5% to 47.5%,

whereas the gm.max reduction was between 35.6% and 42% depending on the LG
and LGD values.

4.3 Summary and conclusions

Two relevant aspects of GaN-based devices have been assessed in this chapter. The

�rst one is related to the potential bene�ts of including a cap layer: GaN, in situ SiN,

or in situ SiN/GaN, in AlGaN/GaN on Si heterostructures for power applications.

The best DC performance at RT was observed in devices with an in situ SiN cap

layer, since these devices exhibited the highest ID and gm values, the lowest RON,
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as well as the best o�-state characteristics. The study of the device performance

from 25 K to 550 K has shown a degradation with temperature regardless of the

cap layer. This is mainly due to the thermal dependence of electron mobility and

secondly due to the decrease of the drift velocity with temperature. Furthermore,

the evaluation of thermal stress impact on the device performance con�rmed the

robustness of the in situ SiN/AlGaN/GaN devices.

The second topic was concerning the high temperature performance of In-

AlN/GaN HEMTs with di�erent layouts and geometries. Devices exhibited an

almost linear reduction of the main DC parameters operating in a temperature

range from RT to 225°C. Furthermore, LG and LGD values were demonstrated to

have in�uence on this thermal degradation since larger LG and LGD values led to a

greater reduction of both ID.max and gm.max with Tamb.





Chapter 5

Self-heating

Some extensive studies regarding the self-heating were carried out during this thesis,

such as the comparison of its e�ects in GaN-based HEMTs grown on di�erent sub-

strates (sapphire, Si, and SiC) and operating at ambient temperatures between 0°C

and 225°C. Furthermore, a simple electrical method was developed for the estima-

tion of the channel temperature. In addition, the in�uence of the device geometry

and the ambient temperature on the self-heating was also assessed. This chapter is

devoted to the discussion of the main results obtained in these experiments.

5.1 Introduction

As was mentioned in chapter 4, the GaN-based HEMTs performance decreases for

high temperatures, which can be due to an intrinsic modi�cation of the properties

with the ambient temperature, or to the self-heating. High power applications may

lead to a signi�cant heat generation in the channel, and hence to increase the self-

heating caused by dissipation problems [Gas98, Kuz02b], as previously described

in section 1.1.3. The self-heating, consequence of the rise of lattice temperature in

the channel, not only severely degrades device performance [Sim08] but also a�ects

the device reliability [Kub02, Gon11]. Therefore, knowing the temperature in the

active area of the HEMTs is important for the optimization of device design and

reliability [Sim08, Kub02].

The techniques used for the determination of Tchannel can be classi�ed as

optical, physical, and electrical [Bla04]:

� Optical methods, such as micro-Raman spectroscopy [Kub02], can provide

127
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high resolution temperature maps and good spatial resolution. However, it

presents some important drawbacks, for example, they require a direct access

to the device, limiting their applicability regarding device layout or packed

devices. In addition, Tchannel is obtained by measuring vertically averaged

temperature of the GaN layer instead of just at the channel [Aha05]. More-

over, these techniques are usually very time consuming and need potentially

expensive equipment not commonly available.

� Physical contact techniques, for instance, scanning thermal microscopy [Aub07],

can also provide high resolution temperature maps together with a poten-

tially high spatial resolution. However, the need for access to the surface

device restricts their applicability. Furthermore, the contact could disturb

the measurement of the temperature.

� DC [Kuz02b, McA06] or pulsed [Joh09] electrical methods are non-invasive,

easy, fast and require standard equipment. They present two main disadvan-

tages: �rstly, the results average over the entire device, which may lead to

an underestimation of Tchannel. Secondly, the electrical output characteristics

may be in�uenced by charge trapping e�ects [Men04].

On the other hand, di�erent aspects can in�uence on the device self-heating, such

as the device substrate, the device geometry, and Tamb. Therefore, they need to

be addressed in order to better understand this phenomenon and try to reduce its

e�ects during the device design step.

5.2 In�uence of the substrate

Devices grown on di�erent substrates were processed to assess the substrate in-

�uence on self-heating. The device structures were grown on sapphire, Si, and

4H-SiC substrates by MOCVD. The detailed structure of these samples were 25 nm

Al0.28Ga0.72N / 1.25 μmGaN / 330 μm sapphire; 2 nm GaN / 22.2 nm Al0.27Ga0.73N

/ 1.1 μm GaN / 400 μm Si (111); and 1 nm GaN / 21.2 nm Al0.30Ga0.70N / 1.7 μm

GaN / 400 μm 4H-SiC (see �gure 5.1). These devices were fabricated following the

procedure described in section 2.2.2. The electrical device isolation was achieved

thanks to an ICP etching during 1 min and 40 s, which led to a 150 nm step.

Ohmic contacts were formed by e-beam evaporation of Ti/Al/Ni/Au annealed at
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(a) (b)

(c)

Figure 5.1: Device heterostructures grown on (a) sapphire, (b) Si, and (c) SiC.

870°C for 30 s in N2 atmosphere. Schottky contacts were created by the evapo-

ration of a Ni/Au bilayer. Prior to the device passivation, an in situ N2 plasma

pretreatment was performed to mitigate surface trapping e�ects [Rom12]. Finally,

a 120 nm thick SixNy layer was deposited by PE-CVD (NH3 / SiCH4, 205 W RF

power). Their layout was the typical one used for RF devices with two 50 μm-wide

�ngers, a 0.7 μm length, and a source-to-drain distance of 5 μm (see �gure B.1a).

Firstly, DC current-voltage characteristics and gm were measured under vac-

uum conditions at di�erent Tamb from 0°C to 225°C following the procedure de-

scribed in section 2.3.3, using the Agilent 4156C semiconductor parameter analyzer

and the low/high temperature Janis probe station. Then, double pulsed measure-

ments (described in section 2.3.4) with a �xed period (τ) of 3.5 ms, variable pulse

width (τON) from 350 ns to 1 ms, and a quiescent bias point VDS.Q = VGS.Q = 0

V were carried out at RT. Its aim was the evaluation of the self-heating in device

with di�erent substrates as a function of τON. The equipment used consisted of the

pulse measurement system presented in �gure 2.31 and the low/high temperature

Janis probe station.
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Figure 5.2: ID.max values for VGS = 0 V (solid symbols) and gm.max values for VDS =
9.9 V (empty symbols) as a function of Tamb for devices grown on the three di�erent
substrates. Both magnitudes showed linear dependence on Tamb (dot lines).

Similarly to the results presented in chapter 4, DC characterization at di�er-

ent Tamb revealed that both ID and gm decrease, almost linearly, in this temperature

range, from 0°C to 225°C (see �gure 5.2). The observed decrease of ID.max varied

from 36.5% to 42%, whereas the reduction of gm.max was between 37% and 41%.

This degradation of device performance is mainly due to the thermal dependence

of the electron mobility [Mae01, Zha09].

For a �xed Tamb, the I-V output characteristics showed a clear linear drop in

saturation drain current at high dissipated power levels, regardless of the substrate

(see �gure 5.3 inset), which is usually attributed to device self-heating [Gas98].

The parameter used to evaluate the self-heating was (dID/dVDS)sat, which was

de�ned as the linear �t slope of ID in the saturation region (see �gure 5.3 inset).

Then, higher self-heating is deduced from increasing values of the slope. Figure 5.3

shows the values extracted for this parameter when VGS = 0 V at di�erent Tamb.

Comparing the results obtained in devices grown on these substrates, the most sig-

ni�cant value of (dID/dVDS)sat was observed for devices grown on sapphire, while

the lowest one was exhibited by devices grown on SiC thanks to its highest ther-

mal conductivity, con�rming that channel heat extraction scales with the κ of the

substrate. Furthermore, its absolute value decreases with temperature regardless of

the substrate. This can be attributed to the ID reduction with temperature, which
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Figure 5.3: (dID/dVDS)sat as a function of Tamb for devices grown on the three
di�erent substrates. (dID/dVDS)sat was calculated as the linear �t slope of ID in
the saturation region for VGS = 0 V.

leads to lower power levels, and hence to less signi�cant self-heating e�ects.

Figure 5.4 reports the results obtained during the double-pulsed characteri-

zation performed at RT. It reveals that the lower average output power by short-

ening τON resulted in less self-heating and hence, increased ID.max regardless of the

substrate. It is relevant to highlight that devices grown on SiC presented the low-

est absolute values of (dID/dVDS)sat which means the lowest self-heating e�ects.

This is thanks to its highest κ which facilitates the heat evacuation. Furthermore,

(dID/dVDS)sat presented values close to zero for the shortest τON (τON = 350 ns,

0.01% duty cycle) regardless of the device substrate, which means that ID.sat was

almost equal to ID.DC for this τON value and hence, self-heating was negligible.

In summary, the in�uence of the device substrate on self-heating was demon-

strated. Devices grown on SiC (with the highest κ) presented the lowest self-heating

e�ects. Furthermore, self-heating was demonstrated to be negligible when the de-

vice is studied by double-pulsed measurements with VGS.Q = VDS.Q = 0 V, τON ≤
350 ns and very short duty cycle.
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Figure 5.4: Normalized ID.max and (dID/dVDS)sat as a function of τON for devices
grown on the three substrates. (dID/dVDS)sat was calculated as the linear �t slope
of ID in the saturation region for VGS = 0.7 V.

5.3 Electrical method proposed for Tchannel estimation

5.3.1 Description

DC characterization at high temperature and double-pulsed measurements demon-

strated the strong dependence of the critical device parameters (ID and gm) on both,

Tamb (see �gure 5.2) and self-heating (see �gure 5.3), and hence Tchannel. This ID
dependence on temperature allows the estimation of Tchannel.

The proposed electrical technique was based on two assumptions [Mar13b]:

� Tchannel can be changed by either self-heating or external heating [Aub07]

� Self-heating is negligible for narrow pulsed (τON ≤ 350 ns) with very short

duty cycles, as it was demonstrated in the previous section.

This technique consists of a calibration step and a measurement step. In the cali-

bration step, the ID variation (ΔID) is measured as a function of Tamb when self-

heating is negligible (see �gure 5.5a), which means at very low duty cycle (0.01%)

and narrow τON (350 ns) for double-pulsed measurements. Therefore:
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(a) (b)

Figure 5.5: Calibration step for a device grown on SiC. (a) ID versus VDS measured
under pulsed conditions when VGS = 0.7 V at di�erent Tamb. (b) The corresponding
ID versus Tamb for VGS = 0.7 V and VDS = 7.5 V.

Tchannel = Tamb (5.1)

As �gure 5.5b shows, for a �xed bias point, we observed a linear decrease in ID
(ΔID) with increasing Tamb (ΔTamb):

ΔID = ΔTamb·θ (5.2)

where θ is calculated as the linear �t slope of ID versus Tamb. Assuming eq. 5.1, any

variation in Tchannel (ΔTchannel) can only be caused by the same change in Tamb:

ΔTchannel = ΔTamb (5.3)

Substituting from eq. 5.2:

ΔID = ΔTchannel·θ (5.4)

Regarding eq. 5.4, ΔTchannel can be de�ned as:

ΔTchannel =
ΔID
θ

(5.5)

Next, in the measurement step, DC measurements of ID are performed under

the same biasing conditions for a given Tamb. In this case, ΔTchannel is only due to

the self-heating, and hence:
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Figure 5.6: Measurement step.

Tchannel = Tamb + ∆Tchannel (5.6)

Taking into account the eq. 5.5 into eq. 5.6:

Tchannel = Tamb +
ΔID
θ

(5.7)

In this step, ΔID is de�ned as the di�erence in ID between DC and the pulsed

conditions described in the previous step (see �gure 5.6), which arises from self-

heating:

∆ID = ID.DC − ID.Pulsed (5.8)

where ID.pulsed is ID at duty cycle of 0.01%, τ of 3.5 ms, and a quiescent point of

VGS.Q = VDS.Q = 0 V, whereas ID.DC is ID under DC conditions. From 5.8, Tchannel

can be determined as:

Tchannel = Tamb +
(ID.DC − ID.Pulsed)

θ
(5.9)

This technique is based on the ID variation due to self-heating, so any phe-

nomenon that causes changes in the I-V characteristics may lead to an error in

Tchannel determination. In this regard, a well-known issue is the current collapse,

which is mainly caused by the application of a high voltage. In order to avoid it,
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Table 5.1: RTH as a function of temperature for experimental and simulated data.

Tamb
(°C)

Experimental
RTH (°C·mm/W)

Simulated RTH

(°C·mm/W)

SiC Si Sapphire SiC Si Sapphire

25 11.5 23.0 34.3 12.1 25.1 41.6
125 17.7 29.9 43.1 17.2 33.1 44.3
225 21.2 39.8 50.1 21.3 42.4 50.3

the maximum VDS used for the extraction of Tchannel was 10 V [Joh06]. Charge

trapping also a�ects drastically the output characteristics. Pulsed measurements

were demonstrated not to imply charge trapping when the quiescent drain voltage

is 0 V regardless of τON [Men04]. Therefore, the double-pulsed measurements used

in our technique are not expected to be a�ected by any charge trapping e�ects

since their quiescent point was VGS.Q = VDS.Q = 0 V [Med10, May13]. Figure 5.7

presents the comparison of DC and pulsed ID for VGS = 0.7 V at di�erent Tamb for

the three substrates, where neither charge trapping nor current collapse is observed.

Figure 5.8 illustrates the results of applying this technique to the devices

described in the previous section at three di�erent Tamb (25°C, 125°C, and 225°C).

Note that the dissipated power (PD) was calculated as PD = VDS ·ID at VGS = 0.7

V. As expected, the curves related to Tchannel as a function of PD di�er a lot between

identical devices grown on di�erent substrates. For instance, for PD = 3 W/mm

at Tamb = 25°C, Tchannel was 45°C, 91°C and 116°C for a device grown on SiC,

Si, and sapphire, respectively. This is in agreement with the results presented in

the previous section and con�rms the main role of the substrate in the self-heating

[Gas98].

The thermal resistance (RTH) was calculated from the linear �t slope of

Tchannel versus PD curve. Table 5.1 summarizes the RTH values extracted for the de-

vices grown on di�erent substrates at 25°C, 125°C, and 225°C. As expected, higher

RTH values were obtained for the device grown on sapphire, due to its lower κ. On

the other hand, table 5.1 also reveals an increase of RTH with Tamb regardless of

the substrate, which is attributed to the strong thermal dependence of κ.

This dependence of RTH on the substrate is in good agreement with the ob-

served in�uence of the substrate on the degradation of the electrical parameters

caused by the self-heating. As �gure 5.4 illustrates, devices grown on sapphire

exhibited the greatest reduction of ID.max (ΔID.max), as well as the most notice-
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(a)

(b)

(c)

Figure 5.7: DC and pulsed I-V comparison for devices grown on (a) SiC, (b) Si, and
(c) sapphire at di�erent Tamb. Solid symbols correspond to the pulsed conditions
(VGS.Q = VDS.Q = 0 V) and empty symbols correspond to DC.
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(a)

(b)

(c)

Figure 5.8: Tchannel as a function of PD for devices grown on (a) SiC, (b) Si, and
(c) sapphire at di�erent Tamb. The solid star corresponds to simulated maximum
Tchannel values, the line corresponds to the simulated average Tchannel and the empty
square are the values obtained experimentally.
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Table 5.2: Normalized ΔID.max calculated as ΔIsubstrateD.max

ΔISiCD.max

, and normalized RTH

extracted as RsubstrateTH

RSiCTH

.

SiC Si Sapphire

Normalized ΔID.max 1 1.9 2.5
Normalized RTH 1 2 3

able decrease in ID.sat due to the self-heating, which is related to its largest RTH.

Furthermore, it can be deduced from table 5.2 that the substrate in�uence on the

degradation of ID due to the self-heating is proportional to the impact of the sub-

strate on the RTH value.

In order to validate this technique, the results obtained experimentally have

been compared with the results of 2-D electro-thermal coupling simulations1 using

�nite element method, implemented using commercial software [Wan14a]. The sim-

ulated ID was calibrated to the experimental one, meaning the same output power

between them. The thermal dependence of κ was considered. Both the maximum

and the average Tchannel were simulated. The average Tchannel was obtained by

considering the area under the gate of the device.

As �gure 5.8 shows, the simulated maximum Tchannel values are in quite good

agreement with the experimental data; furthermore, the agreement is even better

when using the values simulated for the average Tchannel. This can be explained by

the fact that the proposed technique is based on electrical measurements and, there-

fore, averages the temperature in the channel area. Consequently, the experimental

RTH values are slightly lower than the simulated ones (see table 5.1). On the other

hand, the small di�erence in Tchannel between the simulated average values and the

experimental values (see �gure 5.8) can be reduced by using a narrower τON which

would lead to a decrease in the error introduced by neglecting the self-heating for

τON = 350 ns (the lower values of 100 ns suggested in [Joh09] to minimize this kind

of error is not possible for the available system).

5.3.2 Accuracy and Reproducibility

The accuracy of the proposed technique was demonstrated since it is one of the main

requirements for a technique for the extraction of Tchannel. To do so, a di�erent
1These simulations were performed by Dr. A. Wang [Wan14].
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electrical method described in [Kuz02b] was also applied to compare the resulting

Tchannel values with the obtained by the proposed technique. They assume that

the change of ID in the saturation region (ΔIsat) is only due to self-heating, and

propose a simple equation relating ΔIsat to changes in the channel source resistance

(ΔRS) and in VTH (ΔVTH) as a function of the channel temperature [Kuz02b]:

ΔIsat = −gm(Isat∆RS + VTH) + (Isat∆vsat)/vsat (5.10)

where vsat is the saturation velocity. Monte Carlo simulations showed that vsat in

GaN decreases by approximately 5.6% in this range of temperature [Anw01], thus

the last term can be assumed negligible, introducing a possible error smaller than

10% [Kuz02b]. RS was calculated by extracting the source-drain resistance of the

I-V curve and assuming the approximation of RS ≈ RCH/2 as in [Kuz02b]. VTH

was determined by measuring the output current as a function of the gate voltage.

Both RS and VTH were extracted in the linear region (VDS = 0.5 V) to minimize

the e�ect of the self-heating. The gm was measured as a function of VDS, showing

a small reduction as VDS increases for the devices grown on the three substrates.

Moreover, a linear increase with temperature (from 25°C to 225°C) was observed

for RS regardless of the substrate. A slight linear change in VTH was estimated in

the three substrates. Tchannel was obtained by solving eq. 5.10 iteratively using the

obtained gm, RS, and VTH values.

Figure 5.9 compares the Tchannel values obtained by applying the proposed

technique and using the method described in [Kuz02b] for the devices grown on

the three substrates when Tamb = 25°C. Furthermore, these experimental values

were also compared to the simulated maximum Tchannel values. Both techniques

provided Tchannel values slightly lower than simulations since both are electrical

methods. However, the di�erence between simulations and experimental values is

15% lower using the proposed technique than the other electrical technique.

In addition, four identical devices from each substrate were studied and the

RTH variation between devices from the samples sample was lower than 6%.

5.3.3 Sensitivity

The good sensitivity related to the heterostructure, and speci�cally to the sub-

strate, was previously demonstrated. Therefore, devices with di�erent LG were also

analyzed for the three substrates in order to study the sensitivity to device geom-



140 CHAPTER 5. SELF-HEATING

Figure 5.9: Comparison of Tchannel versus PD simulated maximum values, obtained
applying the proposed technique and the one reported in [Kuz02b].

Table 5.3: RTH as a function of temperature for experimental and simulated data
for devices with LG = 1.4 μm.

Tamb
(°C)

Experimental
RTH (°C·mm/W)

Simulated RTH

(°C·mm/W)

SiC Si Sapphire SiC Si Sapphire

25 8.1 22.4 32.9 8.9 24.6 37.5
125 9.7 28.9 39.5 12.6 32.6 41.5
225 15.6 38.0 45.0 16.0 41.0 43.3

etry. Table 5.3 presents the RTH values for devices with LG = 1.4 μm calculated

from both experimental and simulated maximum Tchannel values. As expected, the

experimental values were, in general, lower than the ones related to the simula-

tions. Comparing these RTH values with the obtained for devices with LG = 0.7

μm (see table 5.1), it can be deduced that for a �xed power, the larger the area for

the heat evacuation was, the lower RTH value was obtained. The obtained results

demonstrated the good sensitivity of the proposed technique to the device geometry.

In summary, the proposed electrical technique was demonstrated to meet the

relevant requirements for Tchannel extraction, such as simplicity, reproducibility, and

sensitivity to variations in circuit design (structure, geometry, etc).
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5.4 Device geometry in�uence

The optimal device layout design depends on the requirements of its speci�c appli-

cation. As mentioned in section 1.1.2, sub-micron LG devices are more suitable for

RF applications; HEMTs with larger WG provide higher levels of power [Raj13],

whereas larger LGD increases the VBD of the device. Interestingly, the device ge-

ometry may a�ect the self-heating e�ects. For instance, in the previous section,

the devices with LG = 0.7 μm showed greater RTH values than the ones with LG
= 1.4 μm (see table 5.1 and 5.3). Bertoulzza et al. discussed 3D �nite-element

thermal simulations of the �nger width and the in�uences of spacing on the self-

heating for multi-�nger GaN-based HEMTs at RT [Ber10]. They concluded that

both magnitudes have a remarkable impact on the self-heating, and indicated that

the consideration of the device 3D geometry is mandatory. On the other hand, Jian-

hui et al. performed 3D thermal simulations to study the in�uence of �nger width

and gate pitch spacing on the device temperature, con�rming that these geometri-

cal parameters are critical factors in the thermal design [Jia12]. However, only very

few experimental results related to the impact of the LG [Kuz02b, Joh09] or the WG

[Joh09] on the self-heating e�ects have been presented in the literature, and deeper

studies have been required to reduce the self-heating e�ects during the device design

stage. It is interesting to note that self-heating is a crucial issue not only in terms of

devices' performance but also in reliability, so it should be better understood using

both, experimental and simulation tools. Moreover, thermal dependence needs to

be further considered since many of the HEMTs' applications involve harsh envi-

ronment and high Tamb. Then, a complete study of the self-heating e�ects as a

function of the main geometrical parameters (WG, LG, and LGD) at di�erent Tamb

was performed during this thesis [Mar14a]. It involved the estimation of Tchannel

and the RTH extraction applying the method described in section 5.3.1 in devices

with di�erent geometrical parameters. Moreover, electro-thermal simulations were

also implemented using commercial software (COMSOL), following the procedure

detailed in [Wan13] in order to better understand the experimental results.

The device structures used for this work were grown on sapphire and 4H-SiC

substrate by MOCVD. The detailed structure is the following: 25 nm Al0.28Ga0.72N

/ 1.25 μm GaN / 330 μm sapphire; and 3 nm GaN / 10 nm In0.17Al0.83N / 1 nm

AlN / 2 μm GaN / 300 μm 4H-SiC. The device processing was carried out at NRL

as a result of a collaboration and following the procedure described in section 2.2.2.
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Figure 5.10: Simpli�ed scheme of the one �nger devices.

An ICP etching (Cl2 / Ar, 5 mTorr, 150 W / 40 W ICP / RIE power, 160 V DC

bias, approximately 100 nm step) was performed for the electrical isolation. Ohmic

contacts were formed by e-beam evaporation of Ti/Al/Ni/Au annealed at 850°C for

30 s in N2 atmosphere. Gate Schottky contacts were created by evaporating a Ni

/Au bilayer. In general, the devices under study had one-�nger layout (see �gure

5.10), but in some cases, two �nger devices were also fabricated just for comparison

purposes. Finally, the surface was passivated with 100 nm thick SixNy deposited

by PECVD.

As table 5.4 shows, the HEMT devices under study can be grouped according

to their geometry. Group A had LG = 3 μm, LGD = 15 μm and WG varied from

100 μm to 300 μm (described in �gure B.6). In group B, WG and LGD were �xed to

100 μm and 15 μm, respectively, and LG changed from 1.5 μm to 5 μm (see �gure

B.7). The devices in group C had LG = 3 μm, WG = 100 μm, and LGD varying

from 2.5 μm to 20 μm (illustrated in �gure B.9).

Tchannel as a function of the dissipated power (PD), calculated as PD =

VDS ·ID , was estimated for the devices described previously in table 5.4 at di�erent

Tamb (25°C, 75°C, 125°C, and 175°C). In order to verify the experimental results,

electro-thermal simulations, detailed in [Wan13] were performed in which Poisson,

electron current continuity, and thermal conduction equations were solved in a fully

coupling manner to obtain electric �eld, Tchannel, dissipated power distribution, etc.

The simulated DC I-V measurements were calibrated to the experimental data to

achieve, for a �xed bias, the same dissipated power for both, experimental and



5.4. DEVICE GEOMETRY INFLUENCE 143

Table 5.4: Description of the one �nger devices.

LG LGD LSD WG

GROUP A
3 15 19 100
3 15 19 200
3 15 19 300

GROUP B

1.5 15 17.5 100
2 15 18 100
3 15 19 100
4 15 20 100
5 15 21 100

GROUP C

3 2.5 6.5 100
3 5 9 100
3 10 14 100
3 15 19 100
3 20 24 100

simulated curves. Thus, the impact of traps or defects on the simulation results

was not addressed. The used thermal conductivities for the di�erent layers were:

κGaN = 160
(
300
T

)1.4
WmK-1 [Ber09], κSiC = 400

(
300
T

)
WmK-1 [Ber09], κsapphire =

50 WmK-1 [Gas98]. Note that the simulations correspond to the maximum peak

channel temperature, whereas the experimental method provides an average tem-

perature over the entire device, as with all electrical techniques [Bla04], what can

lead to an underestimation of Tchannel [Mar13b]. RTHwas calculated from the linear

�t slope of Tchannel versus PD curve for both, experimental data and simulations.

5.4.1 Gate width, WG

Figure 5.11 reports Tchannel as a function of PD at di�erent Tamb for devices from

group A (see table 5.4).

Tchannel increased almost linearly with PD regardless of the device geome-

try. This increment was more signi�cant for higher Tamb. Higher Tchannel were

observed for devices with di�erent WG; for example, for PD = 1 Wmm-1 at Tamb

= 25°C, Tchannel was 46°C, 55°C and 57.5°C for WG of 100 μm, 200 μm, and 300

μm, respectively. Figure 5.12 shows an increase of Tchannel and the consequently

increase of RTH with WG due to the worse heat dissipation in the dimension along

the WG. Similarly, higher Tamb values were reported for larger WG in [Kub03].

Furthermore, Joh et al. presented experimental and simulated RTH values versus
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(a)

(b)

(c)

Figure 5.11: Tchannel as a function of PD for devices grown on sapphire with LG = 3 μm,

LGD = 15 μm, and (a) WG= 300 μm, (b) WG = 200 μm, and (c) WG = 100 μm. The empty

symbols correspond to the experimental results and the lines to the simulations. The inset

of �gure 5.11 shows the pulsed (line) and DC (solid symbols) for the device with LG = 3

μm, LGD = 15 μm, and WG = 300 μm, as an example of I-V characteristics measured for

the applications of the experimental technique for Tchannel extraction.
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(a) (b)

Figure 5.12: (a) Tchannel for PD = 1 Wmm-1 and (b) RTH for devices grown on
sapphire with LG = 3 μm and LGD = 15 μm as a function of WG. The empty
symbols correspond to the experimental results and the curves to the simulations.

WG with a similar tendency [Joh09] to that observed in �gure 5.12b. Moreover,

Darwish et al. had previously reported a similar trend by means of their analytical

model proposed in [Dar04].

Figure 5.12b presents also an increase in RTH values with Tamb regardless of

WG, being more signi�cant for the larger WG. In fact, the change in RTH from

25°C to 175°C was approximately 7% and 24% for devices with WG = 100 μm

and 300 μm, respectively. This variation can be attributed to the reduction of

thermal conductivities of the layers and the substrate of the structure for higher

temperatures.

5.4.2 Gate length, LG

Figure 5.13 illustrates Tchannel as a function of PD at di�erent Tamb for devices from

group B (table 5.4). For a �xed PD, a slight reduction of Tchannel was observed with

the LG increase, as shown in �gure 5.14. Although the gate dimension in�uence

should be considered, its e�ect in the studied range of LG was found not to be

crucial. The power dissipation takes place mainly near the edge of the gate in the

drain side instead of in the entire LG. Therefore, if this region does not increase

as LG, both Tchannel and RTH will present a weak dependence on LG in the rage

of 1.5 μm to 5 μm, as shown in �gure 5.14a and �gure 5.14b, respectively. The

e�ect of shorter LG may be more relevant as is shown experimentally in [Kuz02b]
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and analytically in [DiL82]. Regarding RTH, its value increased with Tamb very

similarly regardless of the LG values, as shown in �gure 5.14b.

Some two-�nger devices on sapphire (see �gure B.8) were assessed in order

to clarify the shorter LG e�ects on Tchannel. The geometrical parameters of these

two �nger devices were WG = 2x50 μm, LGD = 5 μm and LG = 0.5 μm and 1.2

μm. As �gure 5.15a illustrates, Tchannel increased dramatically for the device with

sub-micron LG. Similar experimentally results were reported at RT, which were

attributed to the more di�cult cooling of the shorter LG [Luz02b]. Furthermore,

�gure 5.15b shows that higher RTH values were obtained for sub-micron LG. A

similar tendency was experimentally observed at RT by Joh et al. in [Joh09] and

analytically modeled by Darwish et al. in [Dar04].

Therefore, it can be deduced that sub-micron LG values lead to higher RTH,

whereas LG values larger than 1.5 μmmean similar RTH, which is in good agreement

with the results in [DiL82]. The power dissipation is mainly located in a very small

region of the device, typically a 0.5 μm-1 μm length [Sim08] which probably does

not increase as the LG increases. Therefore, for sub-micron LG values, the gate and

this region have comparable sizes, as it is more di�cult to cool down the device,

which leads to a signi�cant in�uence of LG on Tchannel and RTH, whereas larger

LG values present a weak impact on both magnitudes. This e�ect, observed in

�gure 5.15b and �gure 5.14b, respectively, is in good agreement with the reported

in [Dar04].
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(a) (b)

(c) (d)

(e)

Figure 5.13: Tchannel versus PD for devices grown on sapphire with WG = 100 μm,

LGD = 15 μm, and (a) LG = 1.5 μm, (b) LG = 2 μm, (c) LG = 3 μm, (d) LG = 4

μm, and (e) LG = 5 μm. The empty symbols correspond to the experimental results

and the lines to the simulations.
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(a) (b)

Figure 5.14: (a) Tchannel for PD = 2.5 Wmm-1 and (b) RTH for devices grown on

sapphire with LGD = 15 μm and WG = 100 μm as a function of LG. The empty

symbols correspond to the experimental results and the lines to the simulations.

(a) (b)

Figure 5.15: (a) Tchannel for PD = 2.5 Wmm-1 and (b) RTH for two �nger devices

grown on sapphire with LGD = 5 μm and WG = 2x50 μm as a function of LG.

The empty symbols correspond to the experimental results and the lines to the

simulations.

5.4.3 Gate-to-drain distance, LGD

Figure 5.16 shows Tchannel vs PD at di�erent Tamb for devices from group C. Tchannel

dramatically increased with the reduction of LGD. Figure 5.17a reveals that this
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e�ects is more noticeable for the shorter LGD values. For instance, for Tamb = 25°C,

Tchannel variation for devices with LGD = 2.5 μm and LGD = 5 μm was around 13°C,

whereas it was only 1.5°C for devices with LGD =15 μm and LGD = 20 μm. Figure

5.17b shows that lower LGD led to higher RTH. Furthermore, RTH increased with

Tamb regardless of the LGD, being more remarkable for the shorter values, since

RTH varied approximately 18% and 2% for device with LGD = 2.5 μm and 20 μm

from 25°C to 175°C, respectively.

Electro-thermal simulations were performed to better understand the physical

mechanisms of the in�uence of LGD on Tchannel. The purpose of these simulations

was to investigate the distribution of the electric �eld (Ex), the electron density

(Ns), and the density of the dissipated power (PD density) in the channel. Figure

5.18 illustrates the results of the simulations for two di�erent devices with LGD =

2.5 μm and 20 μm (�xed LG = 3 μm and WG = 100 μm) under the same power

dissipation PD = 4.5 W/mm. The devices with shorter LGD had higher Ex (see

�gure 5.18a) and lower Ns (�gure 5.18b) near the gate edge of the drain side. As

�gure 5.18c depicts, this leads to a concentration of the generated heat at the gate

edge and thus higher temperature in this region (see �gure 5.18d). Therefore, the

in�uence of WG and LGD on Tchannel is related to di�erent issues. On one hand, the

in�uence of WG is linked to the worse heat dissipation along the WG, determined

by the thermal conductivity of the substrate and epitaxial layers. On the other

hand, the in�uence of LGD is related to the distribution of the generated heat in

the channel, determined by the electrical behavior of the device itself. The impact

of the heat distribution of Tchannel was veri�ed by micro-Raman measurements in

[Cho13]: for the same power operation, the device has higher Tchannel when biased

with lower gate voltage and higher drain voltage (more heat concentration at the

gate edge), than when biased with a higher gate voltage and a lower drain voltage.

Interestingly, �gure 5.18d reveals that Tchannel along the channel length is

lower and more homogeneous in those devices with larger LGD, and hence with

larger channel length. In contrast, HEMTs with shorter LGD, which means shorter

channel length, exhibit a noticeable variation of Tchannel along the channel length,

reaching its highest value in the drain side of the gate edge. This maximum value

of Tchannel needs to be considered in terms of device performance and reliability

since it can lead to the degradation of the device in this region.

Similar experimental and simulation studies were carried out for devices

grown on SiC with InAlN barrier to verify the LGD in�uence on Tchannel depends
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(a) (b)

(c) (d)

(e)

Figure 5.16: Tchannel versus PD for devices grown on sapphire with LG = 3 μm, WG

= 100 μm, and (a) LGD = 2.5 μm, (b) LGD = 5 μm, (c) LGD = 10 μm, (d) LGD =
15 μm, and (e) LGD = 20 μm. The solid symbols correspond to the experimental
results and the lines to the simulations.
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(a) (b)

Figure 5.17: (a) Tchannel for PD = 2.5 Wmm-1 and (b) RTH for devices grown on
sapphire with LG = 3 μm and WG = 100 μm as a function of LGD. The empty
symbols correspond to the experimental results and the curves to the simulations.

neither on substrate nor on the barrier of the device heterostructure. Figure 5.19

compares the obtained results for devices grown on sapphire and SiC. These results

con�rmed the e�ect of LGD observed previously in the devices on sapphire. It is

interesting to highlight that much lower Tchannel values were extracted for devices

grown on SiC and, consequently, lower RTH values regardless of the geometry. This

thermal dependence on the substrate was already demonstrated in section 5.2 and

associated with the di�erent κ of the substrates [Mar14a].

In summary, electro-thermal experiments and simulations were performed in

order to investigate the impact of geometrical factors, including WG, LG, and LGD,

on self-heating at di�erent Tamb. Sub-micron LG values may dramatically in�uence

the self-heating e�ects, being more relevant at high Tamb, whereas for LG larger than

1.5 μm, a slight in�uence was observed regardless of Tamb. On the other hand, a

signi�cant dependence on WG and LGD was demonstrated, being more noticeable at

higher Tamb. The dependence on WG could be linked to heat dissipation problems

along WG, whereas the dependence on LGD could be related to the distribution of

the generated heat in the channel. Moreover, devices with larger WG presented a

more relevant thermal dependence of RTH. Similarly, shorter LGD devices exhibited

bigger RTH variations with Tamb. These results were validated for several substrates

and the barriers.
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(a)

(b)

(c)

(d)

Figure 5.18: Simulations of (a) Ex , (b) Ns, (c) PD density, and (d) Tchannel in region
under the gate and 1 μm near the gate edge. Two devices with LGD = 2.5 μm and
20 μm (�xed LG = 3 μm and WG = 100 μm) are compared for the same power
dissipation PD = 4.5 W/mm are compared.
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(a) (b)

Figure 5.19: (a) Tchannel for PD = 2.5 Wmm-1 and (b) RTH for devices grown
on sapphire and on SiC with LG = 3 μm and WG = 100 μm as a function of
LGD. The solid/empty symbols correspond to the experimental results whereas
the dotted/solid lines correspond to simulations for devices grown on sapphire/SiC,
respectively.

5.5 Summary and conclusions

Self-heating limits the potential of GaN-based HEMTs, since it degrades the de-

vice performance and reduces the long-term reliability. Therefore, it is relevant to

evaluate the self-heating e�ects and to know the temperature in the active area of

HEMTs in order to improve the device reliability and to optimize the device design.

During this thesis, the self-heating e�ects were evaluated for devices grown on sap-

phire, Si, and SiC, at di�erent Tamb. They were found to be more noticeable in

devices grown on sapphire due to its lower κ, con�rming the impact of the device

substrate on the self-heating. Furthermore, an electrical technique for the extrac-

tion of Tchannel was proposed. It is based on DC an double-pulsed measurements at

RT and high temperature and meets the requirements for the estimation of Tchannel:

simplicity, robustness, reproducibility, and sensitivity to the circuit design variables

(structure, geometry, etc). Moreover, it presents some relevant advantages in com-

parison with optical techniques, such as its applicability to packaged devices and the

use of standard equipment. Regarding the other electrical methods, the proposed

technique requires a reduced number of measurements for Tchannel determination

even at di�erent Tamb.
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On the other hand, the impact of device geometry on self-heating was also

studied at di�erent Tamb, including both experimental assessment and electro-

thermal simulations. It was observed a slight in�uence on self-heating for LG larger

than 1.5 μm regardless of Tamb. On the contrary, sub-micron LG can signi�cantly

a�ect the self-heating, being more relevant at high Tamb. Furthermore, a remark-

able in�uence of WG and LGD was demonstrated, being more relevant at higher

Tamb. As was previously explained, the dependence on WG could be associated

with problems with heat dissipation along WG. Concerning LGD, its in�uence on

self-heating could be related to the distribution of the generated heat in the chan-

nel. HEMTs with larger WG or shorter LGD exhibited a more noticeable thermal

dependence of both Tchannel and RTH. Therefore, the device design should take into

account not only the device geometry in�uence on the self-heating but also Tamb

of the speci�c application.



Chapter 6

Trapping e�ects

This chapter is devoted to di�erent aspects of the charge trapping:

� The possible reduction of charge trapping by the introduction of di�erent cap

layers: GaN, in situ SiN, and in situ SiN/GaN was evaluated.

� The current collapse is assessed in AlGaN and InAlN barrier HEMTs by

double-pulsed measurements and the possible trap location is discussed. Fur-

thermore, the procedure for the extraction of the apparent trap activation

energies is described and applied to these devices.

� The virtual gate phenomenon is analyzed in devices with di�erent geometries

by means of both experimental and simulation tools.

6.1 Introduction

AlGaN/GaN HEMTs have been demonstrated to be promising candidates for com-

mercial RF power and high-voltage switching applications, especially at high tem-

perature [Ben10, Ike10, Mai10]. The intense research carried out by many groups

worldwide has led to the optimization of di�erent aspects of HEMTs, among which

are material quality, control of the surface [Men08] and heterostructure design lead-

ing to record device performances. For instance, the introduction of an in situ SiN

cap layer was demonstrated in section 4.1 to improved the DC performance at high

temperature, and the use of LM InAlN as barrier led to higher current density and

a potentially improved heterostructure stability [Med08b].

155
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In spite of the excellent results shown in the last years, the GaN-based de-

vice performance can still be limited by dispersion e�ects related to the presence of

surface, bulk or interface traps [Men11, Tir07]. One of the most well-known trap-

ping phenomena is the current collapse, which is usually de�ned as a temporary

recoverable reduction of ID under the application of a high VDS in on-state [Joh11,

Men11]. The performance degradation due to charge trapping is related to intrinsic

and extrinsic degradation mechanisms. Whereas the intrinsic e�ects are present

prior to device operation, the extrinsic e�ects are generated by stressing the device.

The intrinsic e�ects are related to defect states which appear during growth and

fabrication. They range from point defects such as impurities and vacancies, to

structural defects, i.e. threading dislocation, stacking faults, or screw dislocations

[Kil12].

The evaluation of trapping e�ects is essential because they are not only a

performance-limiting factor, but also a key issue in terms of reliability [Joh11].

The most widely used techniques for the characterization of trapping phenomena

in GaN-based HEMTs are:

� Capacitance deep-level transient spectroscopy (C-DLTS), which provides in-

formation on the properties of the traps located under the gate thanks to the

analysis of the gate capacitance transient induced by a steep voltage variation.

The main drawback of this C-DLTS is that it can not be applied in devices

whose gate area is too small for standard capacitance measurements [Men11].

� Drain-current deep-level transient spectroscopy (I-DLTS), which is based on

the analysis of ID transients as a function of Tchannel. This technique can

provide very accurate information related to the activation energy of the trap

levels.

� Gate (drain) lag measurements, which are based on the evaluation of the

response delay of ID when an abrupt change in gate (drain) voltage occurs.

Their results provide information regarding the time constants of the trapping

phenomena [Men11].

� Double-pulse ID - VDS measurements carried out by synchronously pulsing

the gate and the drain voltage. It enables the quantitative evaluation of

current collapse as well as the comparison of charge trapping e�ects in di�erent

devices.
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� Current-transient multiexponential analysis, this technique is based on the

study of the time constant spectrum of the ID variations induced by a voltage

pulse. It enables the calculation of the trap activation energy, but it requires

quite long measuring times.

6.2 Di�erent cap layers: GaN, in situ SiN, and in situ

SiN/GaN

Section 4.1 has shown the evaluation of the DC performance at di�erent Tamb as

well as the impact of the thermal stress in AlGaN/GaN on Si HEMTs with GaN,

in situ SiN, and in situ SiN/GaN cap layers. In situ SiN/AlGaN/GaN devices

exhibited the best DC performance. Moreover, the thermal stress tests con�rmed

the robustness of in situ SiN/AlGaN/GaN devices. The following section presents

the assessment of the trapping e�ects in these devices at di�erent Tamb as well as

under di�erent thermal stress conditions.

6.2.1 Experimental details

The devices under study were previously described in section 4.1.1. Their het-

erostructures were grown on highly resistance (HR) Si (111) substrates by MOCVD

and were nominally equal except for the cap layer. The detailed structures were:

cap / 25 nm Al0.25Ga0.75N / 2 μm GaN / 575 μm HR-Si, where cap was 3 nm GaN,

3 nm in situ SiN, or 3 nm in situ SiN / 3 nm GaN. Their fabrication was carried

out at NRL following the procedure described in section 2.2.2, and their layout

consisted of one �nger device with a LG = 3 μm, WG = 100 μm, and two values of

LGD, namely 2.5 μm and 15 μm (see �gure B.2).

Gate lag measurements pulsing VGS were performed at RT varying the τON
as the �rst step of the evaluation of the trapping e�ects. The parameters used were

a quiescent point of VGS.Q = - 6 V ( ≤ VTH), VGS = 0 V, duty cycle of 50% and

τON varying from 10 ms to 1 μs. Then, double-pulsed measurements were carried

out at di�erent Tamb, from 25 K to 550 K at di�erent quiescent points. VGS.Q

= VDS.Q = 0 V were used as reference since it eliminates simultaneously thermal

and trapping e�ects. VGS.Q = -6 V and VDS.Q = 0 V; and VGS.Q = -6 V and

VDS.Q = 20 V were used to reveal the gate and drain lag e�ects, respectively. A

τON of 400 ns was chosen, which is shorter than the time constant of most traps
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Figure 6.1: GLR as a function of τON for devices with di�erent cap layers: GaN,
in situ SiN, and in situ SiN/GaN. GLR values were calculated at VGS = 0 V and
VDS = 5 V.

observed in AlGaN [Med12], and τ was settled to 4 ms. Finally, these double-pulsed

measurements were also done in devices before and after thermal stress at 500°C

(during 5 min, 1 hour, and 20 hours) to detect the possible stress-induced traps.

The equipment used for these experiments were the pulsed characterization system

described in �gure 2.3.4 and the low/high temperature Janis probe station.

6.2.2 Trapping e�ects at di�erent Tamb

Figure 6.1 illustrates the GLR (de�ned by eq. 2.11) extracted from the gate lag

measurements performed at RT. In situ SiN/AlGaN/GaN devices presented GLR

values equal or greater than 1, therefore no trapping e�ects were observable in

these devices, which is in good agreement with the results reported in [Ger08].

The in situ SiN cap layer was demonstrated to control properly the �lling of the

states located at the surface during device operation. In fact, it is believed to

provide enough charge to neutralize the surface charge of the AlGaN barrier layer,

so that its surface potential no longer contributes to 2DEG depletion [Ger10]. On

the contrary, devices with GaN and in situ SiN/GaN cap layers exhibited GLR

values lower than 1. Their values decreased with the reduction of τON due to the

time-dependence of ID.
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Figure 6.2: RON
norm calculated at di�erent Tamb for the pulsed measurements

performed using the quiescent point (-6 V, 0 V).

Then, double-pulsed measurements, as described in section 6.2.1, were carried

out from 25 K to 550 K to evaluate trapping e�ects as a function of Tamb. To do

so, the RON
norm parameter was de�ned as:

Rnorm
ON = Rpulsed

ON /RRef
ON (6.1)

where RON
pulsed corresponds to the RON value calculated at VGS = 1 V when the

quiescent point used was either (-6 V, 0 V) or (-6 V, 20 V); and RON
Ref corresponds

to the RON value calculated at VGS = 1 V when the quiescent point used was (0

V, 0 V). The value of RON
pulsed is greater than RON

Ref when traps are present in

the heterostructure degrading the device performance. Therefore, the greater the

value of RON
norm is the more remarkable the trapping e�ects are.

Figure 6.2 presents the RON
norm values obtained for the quiescent point of

(-6 V, 0 V). Its values were slightly greater at lower Tamb regardless of the cap and

hence, the trapping e�ects were more noticeable at lower Tamb. This may be due to

the thermal dependence of the trap activation. Moreover, in situ SiN/AlGaN/GaN

devices presented the lower trapping e�ects since their RON
norm values were nearly

to 1 and lower than the values obtained for the other cap layers, which is in good

agreement with the results presented in �gure 6.1.

Figure 6.3 shows the RON
norm values calculated for the quiescent point of (-6
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Figure 6.3: RON
norm calculated at di�erent Tamb for the pulsed measurements

performed using the quiescent point (-6 V, 20 V).

V, 20 V). Its values were signi�cantly greater at lower Tamb regardless of the cap

and hence, the trapping e�ects were more remarkable at lower Tamb. Comparing

these RON
norm values with the ones presented in �gure 6.2, it can be deduced that

the drain voltage stress led to more noticeable trapping e�ects, thus, traps could

mainly be located in GaN bu�er. Lower trapping e�ects were observed in devices

with in situ SiN cap layer, con�rming its key role in the improvement of the device

reliability since this cap layer is believed to reduce the stress relaxation of the

strained AlGaN layer grown on top of the GaN [Ger08].

6.2.3 Trapping e�ects after thermal stress

Devices with GaN, in situ SiN, and in situ SiN/GaN cap layers were thermal

stressed at 500°C during 5 min, 1 hour or 20 hours. These devices were char-

acterized under double-pulsed conditions before and after thermal stress to detect

the possible stress-induced traps. Note that fresh devices were used for each thermal

stress time. RON
norm was calculated for the measurements performed before and af-

ter the thermal stress. Figure 6.4a illustrates the comparison of the RON
norm values

calculated before and after the thermal stress for the measurements performed with

the quiescent point of (-6 V, 0 V). The RON
norm values calculated after either 5 min

or 1 hour of thermal stress were lower than the ones corresponding to before thermal
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stress regardless of the cap layer, which means that the trapping e�ects decreased

with these thermal stress times. For the thermal stress of 20 hours, RON
norm values

were similar to the ones extracted before thermal stress for devices with in situ SiN

and in situ SiN/GaN cap layers, whereas it decreased for GaN cap layer. Therefore,

no additional noticeable traps located at the heterostructure surface were induced

by thermal stress at 500°C independently of its duration time. The lowest RON
norm

values were obtained for devices with in situ SiN cap layer, which means that these

devices exhibited the lowest trapping e�ects.

Figure 6.4b shows the comparison of the RON
norm values calculated before and

after the thermal stress tests for the measurements performed with the quiescent

point of (-6 V, 20 V). Similarly to the observed in �gure 6.4, the RON
norm values

obtained after the thermal stress tests were lower than the ones calculated before

thermal stress for the three cap layers under study. The lowest RON
norm values were

obtained for devices with in situ SiN cap layer independently of the thermal stress

time. This means that in situ SiN cap layer devices exhibited the lowest trapping

e�ects.

In summary, in situ SiN/AlGaN/GaN devices exhibited the lowest trapping

e�ects regardless of Tamb, being nearly negligible at RT as well as at high Tamb.

Moreover, the thermal stress tests revealed that not only they did not lead to

additional noticeable traps, but also decreased the trapping e�ects. This can be

associated with the passivation of the cracks present in the heterostructure during

the thermal stress. Further studies should be performed to better understand the

possible causes of this improvement.

6.3 AlGaN and InAlN barrier devices on SiC

Di�erent aspects of the charge trap phenomena were assessed in AlGaN and InAlN

barrier devices grown on SiC. For instance, the trapping e�ects were evaluated by

means of double-pulsed measurements. In addition, the traps which cause this

current collapse were analyzed, specially their possible locations as well as their

activation energies.
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(a)

(b)

Figure 6.4: RON
norm calculated before and after thermal stress tests for the pulsed

measurements performed using (a) the quiescent point of (-6 V, 0 V), and (b) the
quiescent point of (-6 V, 20 V).
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Table 6.1: Electrical DC parameters obtained for the devices under studied

Barrier
ID.max
(A/mm)

RON

(Ω/mm)
gm.max
(mS/mm)

VTH

(V)

ns (10
12

cm-2)

μH

(cm2/Vs)

AlGaN 0.51 7.5 170.0 -4.2 9.5 1560

InAlN 0.91 6.7 177.6 -7.6 19 1509

6.3.1 Experimental details

The device heterostructures were grown on MOCVD on 4H-SiC substrates. The

detailed structure of the AlGaN barrier HEMTs is 1 nm GaN / 22 nm Al0.29Ga0.71N

/ 1.4 μm GaN /400 μm 4-H-SiC, whereas that corresponding to the InAlN barrier

ones is 3 nm GaN / 10 nm In0.17Al0.83N / 1 nm AlN / 2 μm GaN / 300 μm 4H-SiC.

The processing of these HEMTs was carried out at NRL following the procedure

described in section 2.2.2. An ICP was performed for electrical device isolation.

Then, a Ti/Al/Ni/Au multilayer was evaporated by e-beam and annealed at 850°C

for 30 s in N2 atmosphere to create the ohmic contacts. Afterwards, the gate

electrode was formed evaporating a Ni/Au bilayer, with a one-�nger layout, as

�gure 5.10 describes. Finally, a 100 nm thick SixNy layer was deposited by PECVD

to passivate the devices.

Preliminary DC characterization was performed in devices with WG = 100

μm, LG = 3 μm, and LGD = 10 μm (see �gure B.10). Table 6.1 summarizes the

extracted values for the main electrical DC parameters. The ID.max and gm.max

values correspond to the maximum ID at VGS = 0 V and the maximum gm obtained

at VDS= 9.9 V, respectively. The VTH values were calculated from the intercept of

the �tting line of the gm when VDS = 0.1 V. In addition, Hall measurements were

carried out in Van der Pauw structures to extract the carrier concentration (ns)

and the Hall mobility (μH). It can be deduced that InAlN barrier devices showed

better DC performance in terms of higher ID.max and gm.max as well as lower RON

values.

Then, these devices were characterized following di�erent assessment proto-

cols:

� Trapping e�ects were evaluated by double-pulsed measurements similarly to

the ones described in the literature [Men11, Bis13]. The procedure consisted

of biasing the devices in o�-state during 99 μs (τOFF), and then turning to
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Table 6.2: Description of the Q points used to evaluate the trapping e�ects.

Q POINT

A B C D E

VGS.Q 0 V < VTH < VTH < VTH < VTH

VDS.Q 0 V 0 V 10 V 15 V 20 V

the on-state by changing the gate and drain voltages synchronously during a

pulse width (τON) of 1 μs. Table 6.2 reports the di�erent quiescent Q points

adopted. Point A was taken as reference since it presents negligible electron

trapping. In the case of the other Q points, increasing the VDS.Q the gate-to-

drain reverse bias is also increased, which leads to more trapping e�ects.

� Traps were characterized by means of ID transient measurements. Firstly,

devices were kept in o�-state with di�erent trap �lling voltages (VGS.F, VDS.F)

during 100 s, and then switched to an on-state bias (VGS.M, VDS.M), recording

ID from 1 μs to 200 s. After the selection of the proper trap �lling voltage

and on-state bias, ID transient measurements were carried out at di�erent

Tamb (from 40°C to 120°C). Then, the resulting ID transients were �tted

to the stretched multiexponential function to facilitate the extraction of the

corresponding EAof the traps by the application of the Arrhenius plot [Men11,

Bis13]. The �tting function used is de�ned as:

ID(t) = ID.final −
N∑
i

Ai·e

(
t
τi

)βi
(6.2)

where Ai is the amplitude, τi corresponds to the typical time constant and

βi is the non-exponential stretching-factor of the N detected charge emission

(Ai>0) or capture (Ai<0) processes. Depending on the sample under study,

N can take values between 2 and 4 [Bis13]. This function was selected because

of its reported good accuracy [Bis13] in comparison with other �tting methods

[Joh11,Tap10].

� Finally, VGS-pulsed measurements de�ned as gate turn-on measurements in

[Men04] were performed in devices with di�erent geometries (see table 6.3).

The main goal of this task was the evaluation of the in�uence of the device
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Table 6.3: Description of the device geometries under test.

LG (μm) LGD (μm) WG (μm)

GROUP A

3 15 100
4 15 100
5 15 100
6 15 100

GROUP B
3 10 100
3 15 100
3 20 100

geometry on the observed trapping e�ects. The parameters used were a �xed

period (τ) of 4 ms and variable pulse width (τON) from 1 ms to 1 μs.

The equipment used for the application of these three assessment protocols

consisted of a low/high temperature Janis probe station and the pulsed character-

ization system described in �gure 2.31.

6.3.2 Assessment of trapping e�ects

Double-pulsed measurements in dark were performed in both AlGaN and InAlN-

barrier devices with LG = 3 μm, LGD = 10 μm, and WG = 100 μm. They revealed a

reduction of the device performance possibly caused by charge trapping. As �gure

6.5a reports, devices with AlGaN barrier exhibited a reduction of ID and an increase

in RON, which are approximately of 20% and 30%, respectively, for the quiescent

bias point E (described in table 6.2). Besides the observed degradation of RON, they

also presented a reduction of gm (35% for the quiescent bias point E) without any

VTH shift, as shown in �gure 6.5b. Therefore, the current collapse in the AlGaN

barrier devices was due to the presence of traps near the surface in the gate-drain

access region [Bis13, Dan00].

Concerning the InAlN barrier devices (�gure 6.6), the B point was su�cient

to induce a positive shift in the VTH value of approximately 0.9 V, which indicates

the presence of traps in the region under the gate [Bis13, Dan00]. Moreover, the

increase of RON as well as the reduction of the gm values (50% and 59% respectively,

for E point) when higher VDS quiescent voltage were applied (C, D, and E points)

revealed the trapping of electrons in the gate-drain region, which was activated by

high gate-drain voltages (VGD) [Bis13, Dan00, Nil08].
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(a)

(b)

Figure 6.5: (a) ID and (b) gm double-pulsed characterization for AlGaN barrier
devices. The ID values were measured at VGS = 1 V, whereas the gm values were
obtained by the derivation of the ID - VGS curves when VDS = 4V.
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(a)

(b)

Figure 6.6: (a) ID and (b) gm double-pulsed characterization for an InAlN barrier
devices. The ID values were measured at VGS = -2.5 V, whereas the gm values were
obtained by the derivation of the ID - VGS curves when VDS = 4 V.
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Table 6.4: Description of the on-state bias voltages assessed for AlGaN and InAlN
barrier devices.

Device
(VGS.M,
VDS.M)

Description (VGS.F, VDS.F)

AlGaN
(1 V, 3.5 V) Biasing in the linear region

(-6 V, 20 V)
(-1 V, 10 V) Biasing in the saturation region

InAlN
(1 V, 3.5 V) Biasing in the linear region

(-8.5 V, 20 V)
(-3 V, 10 V) Biasing in the saturation region

Although InAlN barrier devices under study exhibited better DC performance

(see table 6.1), the obtained results revealed that their RF performance could be

more dramatically a�ected by the presence of traps than the corresponding to the

AlGaN barrier HEMTs.

6.3.3 Characterization of traps

Bisi et al. demonstrated that the choice of both the trapping �lling voltage (VGS.F,

VDS.F) and the bias voltage (VGS.M, VDS.M) used for the measurement of the ID
transient can strongly a�ect the results [Bis13]. Therefore, devices were tested at

80°C using two di�erent conditions (VGS.M, VDS.M) to chose the optimal bias point

(see table 6.4).

Figure 6.7a shows the ID transients recorded for AlGaN barrier devices whereas

�gure 6.7b presents their corresponding di�erential signals. Di�erential signal cal-

culated in the linear region detected a single electron-emission or hole-capture pro-

cess (T1), whereas in the saturation region an additional electron-capture or hole-

emission process (T2) was revealed (see �gure 6.7b).

As �gure 6.8 illustrates, ID transient recorded in the linear region for InAlN

barrier devices detected a single hole-emission or electron-capture process (T2'),

whereas in the saturation region an additional electron-emission or hole-capture

process (T1') was revealed. Therefore, we deduced that, for the devices under test,

the more adequate bias point was in the saturation region regardless of the barrier.

After selecting the on-state voltage, three di�erent trap �lling voltages, de-

scribed in table 6.5, were checked at 80°C in dark to �nd out the optimal (VGS.F,

VDS.F) for its posterior use in the extraction of the apparent trap activation energy.

As �gure 6.9 shows, an electron-emission process (T1) and a hole-emission

process (T2) were detected for AlGaN barrier devices. The peak labeled as T1 was
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(a)

(b)

Figure 6.7: (a) Fitted ID transients recorded for the trap �lling and on-state bias
points described in table 6.4, and (b) Corresponding di�erential signals for AlGaN
barrier devices.
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(a)

(b)

Figure 6.8: (a) Fitted ID transients recorded for the trap �lling and on-state bias
points described in table 6.4, and (b) Corresponding di�erential signals for InAlN
barrier devices.
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Table 6.5: Description of the trap �lling voltages evaluated for AlGaN and InAlN
barrier devices.

Device (VGS.F, VDS.F) Description (VGS.M, VDS.M)

AlGaN
(-6 V, 20 V) O�-state

(-1 V, 10 V)(-6 V, 8 V) O�-state
(-3 V, 16 V) Semi on-state

InAlN
(-8.5 V, 20 V) O�-state

(-1 V, 10 V)(-8.5 V, 8 V) O�-state
(-6 V, 12.5 V) Semi on-state

enhanced by �lling pulses with very negative VGS, which indicated that it was a

gate-dependent trapping process. The trap �lling voltage of (-6 V, 8 V) was selected

for the extraction of the trap EA, since T1 had a typical time constant closer to the

lower boundary of the acquisition window, which made unable the use of (-6 V, 20

V) to record this process at high temperatures.

Figure 6.10 illustrates the ID transients as well as their corresponding di�er-

ential signals obtained for the InAlN barrier devices. An electron-emission process

as well as two hole-emission processes were revealed. The electron-emission process

T1' and the hole-emission process T2' were detected by the �lling voltage with very

negative VGS indicating that hey were gate-dependent trapping processes; thus, the

chosen trap �lling voltage was (-8.5 V, 8 V). In addition, (-6 V, 12.5 V) was also

used for the extraction of the EA related to the T3' hole-emission process.

Finally, ID transient measurements were performed at di�erent Tamb to ex-

tract the apparent EA from the Arrhenius plot. Figure 6.11 presents the thermal

activation and the Arrhenius plot with the apparent activation energies of T1 and

T2 for AlGaN barrier devices. The apparent EA of T1 was 0.43 eV (±0.02 eV). In-

teresting, Arehart et al. reported the presence of traps in the access region with the

same EA level in AlGaN/GaN devices [Are11]. They could be attributed to C/O/H

impurities [Cae12, Lee95, Tap10]. Tapajna et al. reported traps with similar EA

level (0.45 eV) located in the near-surface AlGaN region at the gate edge [Tap10],

which they associated with the di�usion of impurities such as C and O into AlGaN

close to the drain side of the gate. These impurities may be introduced during the

growth of the structure.

On the other hand, the extracted EA for T2 was 0.21 eV (±0.01 eV). Polyakov

et al. detected a hole trap with a very similar EA of 0.20 eV [Pol06]. They pointed
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(a)

(b)

Figure 6.9: (a) Fitted ID transients recorded for the trap �lling voltages and the
on-state bias (-1, 10 V) described in table 6.5, and (b) corresponding di�erential
signals for AlGaN barrier devices.
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(a)

(b)

Figure 6.10: (a) Fitted ID transients recorded for the trap �lling voltages and the
on-state bias (-1, 10 V) described in table 6.5, and (b) corresponding di�erential
signals for InAlN barrier devices.
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out that its possible location could be either the AlGaN barrier or the GaN bu�er.

Furthermore, Tirado et al. reported the presence of donor type traps acting as hole

traps with an EA of 0.25 eV, uniformly distributed at the HEMT surface [Tir07].

Although the origin of the donor surface traps is still a controversial issue, they are

usually attributed to process damages, such as plasma and thermal damages, which

generate nitrogen vacancies [Sai05].

(a) (b)

Figure 6.11: (a) Thermal activation and (b) Arrhenius plot with apparent activation

energies for T1 and T2 in AlGaN barrier devices.

Figure 6.12 shows the thermal activation and the Arrhenius plot of InAlN

barrier devices. The extracted EA of T1' was 0.38 eV (±0.02 eV). Traps with a sim-

ilar EA (0.37 eV) were previously reported in InAlN/GaN HEMTs by Chikhaoui

et al. They suggested that this trap state is located at the InAlN/metal interface

[Chi10], which is good agreement with the positive shift in VTH observed in �g-

ure 6.6b. They associated this trap state with a structural defect, speci�cally to

dislocations in the InAlN barrier layer.

On the other hand, the extracted EA for the hole-emission process T3' was

0.18 eV (±0.01 eV). Whereas no reports regarding hole traps with this EA value

have been found in the literature for InAlN/GaN devices, Polyakov et al. [Pol06]

determined hole traps with 0.18 eV for AlGaN/GaN HEMTs. Moreover, Faqir et al.

detected hole traps with identical EA, which were assumed to be a donor surface

traps [Faq07]. This can be associated with state defects introduced during the

device fabrication, similarly to the donor surface trap (0.21 eV) detected in AlGaN
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barrier devices.

The resulting EA for T3' was 0.82 eV (±0.01 eV) and was extracted from

the ID transient measurements performed at di�erent Tamb using (-6 V, 12.5 V)

as �lling trap voltage (see �gure 6.12b). Although hole traps with this EA have

been not reported in InAlN/GaN HEMTs yet, there are some literature related to

these kind of traps in AlGaN/GaN HEMTs. Donor-like traps with an EA of 0.86 eV

were found by Polyaskov et al. in Fe-doped semi-insulating GaN structures [Pol04].

Therefore, these traps could have been introduced during the GaN bu�er growth

to achieve a semi-insulating behavior and hence are related to the material growth.
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(a) (b)

(c)

Figure 6.12: (a) Thermal activation corresponding to the trap �lling voltage (-8.5

V, 8 V). (b) Thermal activation corresponding to the trap �lling voltage (-6 V, 12.5

V). (c) Arrhenius plot with apparent activation energy corresponding to T1', T2'

and T3' for InAlN barrier device.

6.3.4 Impact of LG and LGD

Figure 6.11b revealed that the detected T1 and T2 in AlGaN barrier devices are

gate-dependent processes. For InAlN barrier HEMTs, �gure 6.12c shows that T1'

and T2' are also gate-dependent processes. Therefore, VGS-pulsed measurements

were carried out in devices with di�erent geometrical parameters to evaluate the

impact of LG and LGD on the observed trapping e�ects. The parameter used for

the evaluation of the trapping e�ects was the GLR de�ned as the ratio between
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the ID measured pulsing the gate voltage (ID.pulsed) and that obtained under DC

conditions (ID.DC):

GLR =
ID.pulsed

ID.DC
(6.3)

Figure 6.13 illustrates the GLR as a function of τON for AlGaN and InAlN

barrier devices with LGD = 15 μm, WG = 100 μm, and di�erent LG (see �gure B.11).

These devices presented GLR values lower than 1 indicating the ID collapse when

VGS change abruptly, which can be explained by the virtual gate e�ect. The virtual

gate (described in detailed in section 1.1.3) is believed to be located in the gate-drain

region and acts as a negatively biased gate due to the presence of negative charge

on the surface [Men04, Kua08]. Whereas the gate electrode potential is controlled

by the applied gate bias, the virtual gate potential is controlled by the total amount

of trapped charge in the gate-drain access region [Mar14b]. Thus, the frequency

dependence of ID is associated with the time constants linked to charge de-trapping

phenomena [Kua08]. InAlN barrier devices exhibited more noticeable trapping

e�ects than AlGaN barrier HEMTs since they showed lower GLR values regardless

of the device geometry. Furthermore, GLR values decreased signi�cantly for a

di�erent τON, 1 μs and 1 ms for AlGaN and InAlN devices, respectively; therefore,

these devices presented di�erent time-dependence of ID. Interestingly, HEMTs with

larger LG led to greater GLR and thus, lower current collapse. Consequently, lower

trapping e�ects, and hence, less noticeable DC-RF dispersion, will be observed in

devices with larger LG.

Figure 6.14 illustrates the GLR as a function of τON for AlGaN and InAlN

barrier devices with �xed LG = 3 μm and WG = 100 μm and variable LGD (see �gure

B.5). These results are similar to those previously shown in �gure 6.13 concerning

the di�erent time-dependence of ID for AlGaN and InAlN barrier HEMTs: more

trapping e�ects were observed in those with InAlN barrier. Moreover, devices with

larger LGD exhibited higher GLR which means less current collapse and hence,

lower DC-RF dispersion.

Simulations1 implemented using commercial software (COMSOL) were use-

ful for the better understanding of the in�uence of LG and LGD on the observed

trapping e�ects. The simulated device structure with AlGaN barrier was the same
1These simulations were performed by Dr. A. Wang. A detailed description of the simulation

method can be found in [Wan13].
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(a) (b)

Figure 6.13: GLR as a function of τON for (a) AlGaN and (b) InAlN barrier HEMTs
with �xed LGD = 15 μm and WG = 100 μm and di�erent LG.

(a) (b)

Figure 6.14: GLR as a function of τON (a) AlGaN and (b) InAlN barrier HEMTs
with �xed LG = 3 μm and WG = 100 μm and di�erent LGD.
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as that used in the experiments. Whereas the detailed charge distribution was not

considered because the GaN cap layer is very thin (1 nm), the surface charge on the

AlGaN was taken into account. According to the studies reported in [Ibb00], ion-

ized donor-like traps (positive charged) were assumed on the AlGaN surface which

can neutralize partial negative polarization charge. The total surface charge den-

sity is a summation of the positive charge of the ionized donor-like traps and the

negative charge of the polarization. In these simulations, the polarization charge

was �xed to 1012 q/cm2 at the AlGaN/GaN interface whereas the total charge at

the surface was �xed to 1013 q/cm2 to produce reasonable 2DEG density of 9·1012

cm-2 near the interface. When the HEMT was biased in o�-state, the donor-like

traps near the drain side gate edge were �lled by the electron tunneling from the

gate metal. These �lled traps were not charged and thus, led to higher density of

the total negative surface charge and lower 2DEG density, usually known as virtual

gate phenomenon, as previously explained.

Figure 6.15 shows the distribution of the simulated electric �eld magnitude

|E| on the AlGaN surface for devices of group A (see �gure 6.15a) and for devices of

group B (see �gure 6.15b). The maximum |E| indicates the position of the drain-side

gate edge. The devices were biased in o�-state with VGS = -6 V(< VTH) and VDS

= 3.5 V. In the simulations, a beveled gate edge was used in order to avoid the sin-

gularity of the electric �eld there, which was expected to be similar to the practical

shape [Sat07]. The maximum |E| and its distribution kept almost unchanged under

any variation of either LG or LGD. As mentioned before, the surface traps were

�lled by the electron tunneling from the gate metal. This tunneling current may be

determined by |E|. The electron surface transport as well as the transient process

of trapping and de-trapping were not addressed as they go beyond the scope of the

present work. It was unknown yet exactly about the electron transport mechanisms

on the barrier surface, therefore, neither this nor the transient process of trapping

and de-trapping in the simulations were addressed.

From the resulting unchanged |E| regardless of either the LG or the LGD
value (see �gure 6.15), it can be deduced that devices with di�erent LG or LGD
have the same virtual gate length with same probability of traps occupancy. In the

simulations, the virtual gate length and the total negative charge density were �xed

as 0.4 μm and -9·1012 q/cm2, respectively.

Figure 6.16 illustrates the simulated electron density for the device with and

without virtual gate. As expected, the electron density under the virtual gate was
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(a) (b)

Figure 6.15: Distribution of electric �eld magnitude |E| on the AlGaN surface as
a function of (a) LG from 3 μm to 6 μm and �xed LGD = 15 μm; (b) from 10 μm
to 20 μm and �xed LG = 3 μm (the curves in are overlapping). The position of
maximum |E| indicates the drain-side gate edge.

Figure 6.16: Electron density comparison in the channel for the device with and
without virtual gate. LSG = 2 μm, LG = 3 μm, LGD = 10 μm. The virtual gate
length used for these simulations were 0.4 μm.

reduced signi�cantly.

Figure 6.17a and 6.17b correspond to the simulated GLR as a function of LG
and LGD, respectively. It is important to clarify that the pulse width which can

determine the probability of traps occupancy were not considered in the simulations.

ID.pulsed and ID.DC were simulated for the device with (traps completely �lled) and
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(a) (b)

Figure 6.17: Simulated GLR values as a function of (a) LG and (b) LGD. The
devices were biased in the same conditions that for the experiments: VGS = 0 V
and VDS = 5 V.

without (traps completely emptied) the virtual gate, respectively. The simulated

GLR values exhibited the same dependency on both LG and LGD compared to

the experimental results. These results can be explained as following. The device

without virtual gate, ID.DC can be calculated as ID.DC = VDS
RT

, where RT is the total

resistance between the source and drain contact. On the other hand, the device

with virtual gate, ID.pulsed can be de�ned as ID.pulsed = VDS
(RT+ΔRV G)

, where ΔRVG

is the increased resistance caused by the virtual gate. Therefore, considering eq.

6.3, GLR can be expressed as:

GLR =
ID.pulsed

ID.DC
=

1[
1 +

(
ΔRV G
RT

)] (6.4)

ΔRVG did not change for di�erent device geometries due to the �xed virtual gate

length and the �xed total charge density as previously described. In addition, the

devices were biased in the knee region (VGS = 0 V and VDS = 5 V, the same exper-

imental biases), in which the access resistances between the gate and source/drain

contact in�uenced by LSG and LGD are comparable to the channel resistance under

the gate in�uenced by LG; it means that RT does not mainly concentrate at the

drain-side gate edge. Therefore, devices with larger LG or LGD had greater RT,

smaller ΔRVG / RT, and thus greater GLR.

In summary, in spite of the better DC performance of InAlN barrier devices,
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they showed more noticeable trapping e�ects, in terms of greater decrease in both

ID and gm as well as greater RON increase under double-pulsed conditions. The

possible location of the traps for the AlGaN barrier devices under test were probably

located in the gate-drain access region. In the case of InAlN HEMTs, traps could be

mainly located under the gate, since a positive VTH shift was revealed by the double-

pulsed measurements, and also in the gate-drain access region. On the other hand,

ID transient measurements enabled the identi�cation of traps and the extraction

of their EA in devices with both AlGaN and InAlN barrier devices. The electron-

emission processes detected in AlGaN and InAlN barrier HEMTs had the EA of

0.43 eV and 0.38 eV, respectively. Finally, experiments and simulations con�rmed

the in�uence of the LG and LGD on the observed trapping e�ects.

6.4 Summary and conclusions

This chapter has been devoted to the evaluation of trapping e�ects in AlGaN/GaN

on Si devices with di�erent cap layers: GaN, in situ SiN, and in situ SiN/GaN cap

layers, as well as in AlGaN and InAlN HEMTs grown on SiC substrates.

Firstly, AlGaN/GaN on Si HEMTs with di�erent cap layers were studied

by VGS-pulsed measurements at RT resulting that in situ SiN/AlGaN/GaN de-

vices exhibited nearly no trapping e�ects at RT. Then, double-pulsed measurement

performed using di�erent trapping e�ects demonstrated that trapping e�ects were

more noticeable at low Tamb regardless of the cap layer. Furthermore, in situ

SiN/AlGaN/GaN devices presented the lowest trapping e�ects regardless of Tamb,

being almost negligible at RT and high Tamb regardless of the quiescent point. Fi-

nally, fresh devices were thermal stressed at 500°C during di�erent stress times: 5

min, 1 hour, and 20 hours. Trapping e�ects were reduced after these thermal stress

tests specially in GaN cap HEMTs. Further studies will be proposed as future work

in chapter 7 to better understand the possible reasons for this improvement.

Regarding AlGaN and InAlN barrier devices grown on SiC, di�erent aspects

related to trapping e�ects were assessed. Firstly, they were characterized by double-

pulsed measurements carried out with di�erent quiescent points. This study re-

vealed an ID and gm decrease without any observed change in VTH for AlGaN

barrier devices, which revealed that the possible trap location was the gate-drain

access region. On the other hand, a decrease in ID associated with a positive VTH

shift of 0.9 V was observed for InAlN barrier HEMTs, indicating the presence of
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Table 6.6: Summary of the results from the ID transient measurements performed
in the devices under test.

Device
barrier

Process Trap EA (eV)

AlGaN
Electron-emission (T1) Acceptor-like 0.43
Hole-emission (T2) Donor-like 0.21

InAlN
Electron-emission (T1') Acceptor-like 0.38
Hole-emission (T2') Donor-like 0.18
Hole-emission (T3') Donor-like 0.82

traps under the gate. Moreover, they also exhibited a noticeable decrease of gm as

well as a signi�cant increase of RON, revealing the presence of traps located in the

gate-drain access region.

Secondly, ID transient measurements were performed at di�erent Tamb, from

40°C to 120°C to evaluate either the electron-emission or the hole-emission processes

and extract their corresponding trap EA. Table 6.6 summarizes the results obtained

for both AlGaN and InAlN barrier devices grown on SiC.

Finally, the in�uence of LG and LGD on the observed trapping e�ects were

experimentally assessed by VGS-pulsed measurements, as most of the detected pro-

cesses were gate-dependent. Experiments and simulations con�rmed the in�uence

of LG and LGD on the observed trapping e�ects. Larger LG and LGD values lead

to less noticeable trapping e�ects and hence, lower DC-RF dispersion.





Chapter 7

Conclusions and future work

The work carried out during this thesis was focused on the contribution to the tech-

nology of E-mode HEMTs, the study of the device performance at di�erent ambient

temperature as well as the assessment of two reliability issues: the self-heating and

the charge trapping. To do so, two di�erent approaches were proposed for the fabri-

cation of E-mode devices starting from as-grown D-mode structures. On the other

hand, the extensive electrical characterization of GaN-based HEMTs enabled the

identi�cation of not only the device weaknesses operating at high temperature, but

also the in�uence of relevant parameters on both self-heating and trapping e�ects.

The obtained results demonstrated that, in spite of the �nal application of the de-

vice, other aspects, such as the in�uence of the geometry on both self-heating and

trapping e�ects, and the ambient temperature, also need to be considered during

the device design stage to improve its performance and reliability. This chapter

summarizes the key features of this thesis and its results, followed by the possible

plan for the future research.

7.1 Conclusions

Contribution to the technology of E-mode HEMTs

Di�erent approaches were evaluated for the fabrication of E-mode HEMTs with

InAl(Ga)N and AlGaN barriers:

� An extensive investigation of the InAl(Ga)N wet etching was carried out in

heterostructures grown on sapphire, SiC, and Si. Firstly, these structures were

185
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studied by RBS, and XRD to know more accurately the composition and

thickness of their barriers. Then, wet etching approaches where performed

during 3 min or 6 min. Di�erent etch rate values were obtained depending on

the substrate, the greatest values corresponded to the structure grown on Si.

Therefore, the etch rate could critically depend on the dislocations present in

the structure, since Si shows the highest mismatch to GaN. In fact, after 3 min

etch, no 2DEG was detected by the C-V measurements due to the thin barrier.

This means that the gate-recess was achieved in this structure. However, the

surface roughness should be evaluated before considering this approach as a

suitable alternative for the InAl(Ga)N/GaN E-mode fabrication.

� AlGaN/GaN E-mode devices were fabricated by two di�erent �uorine-based

treatments: CF4-plasma and 19F+ ions implantation. Plasma-treated HEMTs

exhibited better DC performance at RT than the implanted ones, and com-

parable to the D-mode devices in terms of high ID and gm, as well as low

o�-state IG. ID and gm were decreased with temperature regardless of the

device processing, whereas IG and RON increased with temperature. These

thermal e�ects were reversible since the initial values were recovered after the

thermal cycle. The time stability of VTH during the post-gate annealing was

evaluated in devices fabricated using both �uorine-based treatments. Plasma-

treated HEMTs showed a negative VTH shift with time, whereas implanted

devices exhibited a VTH change to more positive values. This improved stabil-

ity of the implanted ones was attributed to the deeper F implantation pro�le.

Finally, the thermal stability of the VTH was also analyzed when these E-mode

HEMTs operate at high temperature con�rming its good thermal stability re-

gardless of the fabrication technique used.

Performance at di�erent ambient temperatures

Two relevant aspects of GaN-based devices were assessed:

� The potential bene�ts of including a cap layer: GaN, in situ SiN, or in situ

SiN/GaN, in AlGaN/GaN on Si heterostructures for power applications were

assessed. The best DC performance at RT was observed in devices with in

situ SiN cap layer, since they exhibited the highest ID and gm values, the

lowest RON, as well as the best o�-state characteristics. The assessment
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of their DC performance at di�erent Tamb from 25 K to 550 K revealed a

degradation with temperature regardless of the cap layer. This is mainly due

to the thermal dependence of electron mobility and secondly due to the drift

velocity decrease with temperature. Finally, thermal stress tests at 500°C

reported the robustness of the in situ SiN/AlGaN/GaN devices.

� InAlN/GaN HEMTs with di�erent layouts and geometries were studied oper-

ating at high temperature. These HEMTs exhibited an almost linear reduc-

tion of the main DC parameters operating in a temperature range from RT to

225°C. Furthermore, LG and LGD values were demonstrated to have in�uence

on this thermal degradation, since larger LG and LGD values led to a greater

reduction of both ID.max and gm.max with Tamb.

Self-heating

Di�erent aspects related to self-heating were discussed during this work:

� Double-pulsed measurements, with a �xed period = 3.5 ms and a quiescent

point of (0 V, 0 V), revealed that self-heating e�ects decrease by shortening

the pulse width and can be considered negligible for pulse width ≤ 350 ns,

and very short duty cycle.

� A simple electrical method for the extraction of Tchannel was proposed and

validated by simulations. It is based on two assumptions: 1) Tchannel can

be changed by either Tamb or the self-heating; and 2) self-heating can be

assumed negligible for double-pulsed measurements performed using (0 V, 0

V) as quiescent point, very narrow pulse width, and short duty cycle. This

technique involves DC and double-pulsed measurements carried out at RT

and high temperature enabling the estimation of Tchannel and the calculation

of RTH. This method was demonstrated to meet the requirements for the es-

timation of Tchannel: simplicity, robustness, reproducibility, and sensitivity to

the circuit design variables (structure, geometry, etc). Moreover, it presents

some relevant advantages in comparison with optical techniques, such as its

applicability to packaged devices and the use of standard equipment. Re-

garding other electrical methods, the proposed technique requires a reduced

number of measurements for Tchannel determination even at di�erent Tamb.
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� The proposed technique for the extraction of Tchannel was applied to HEMTs

grown on di�erent substrates (Si, SiC, and sapphire) demonstrating that de-

vices grown on sapphire exhibited higher Tchannel as well as higher RTH due

to its lower thermal conductivity.

� The impact of device geometry on self-heating was also studied at di�erent

Tamb, including both experimental assessment and electro-thermal simula-

tions. A slight in�uence on self-heating was observed for LG > 1.5 μm regard-

less of Tamb, whereas sub-micron LG can dramatically a�ect the self-heating,

being more relevant at high Tamb. A signi�cant in�uence of WG on both

Tchannel and RTH was observed, being more relevant at higher Tamb. This

dependence on WG could be associated with heat dissipation problems in the

dimension along WG. On the other hand, the decrease of LGD led to a re-

markable increase of both Tchannel and RTH values, being more signi�cant at

high Tamb. The dependence on LGD could be related to the distribution of

generated heat in the channel. Therefore, the device design should take into

account not only the in�uence of the device geometry on the self-heating but

also Tamb of the speci�c application.

Trapping e�ects

The main conclusions regarding trapping e�ects are the following:

� In situ SiN/AlGaN/GaN devices exhibited the lowest trapping e�ects regard-

less of Tamb, being nearly negligible at RT as well as at high Tamb. Further-

more, after the thermal stress at 500°C and di�erent stress times (5 min, 1

hour, and 20 hours) no additional noticeable traps were generated. In addi-

tion to this, the previous trapping e�ects decreased after these thermal stress

tests. Further studies will be proposed in section 7.2 to better understand the

possible causes of this improvement.

� Trapping e�ects were evaluated in both AlGaN and InAlN barrier devices

grown on SiC by means of double-pulsed measurements. AlGaN barrier

HEMTs exhibited a decrease in ID and gm without any change in VTH, re-

vealing that the possible trap location was the gate-drain access region. In

contrast, a decrease in ID associated with a positive VTH shift of 0.9 V was

observed for InAlN barrier HEMTs, indicating the presence of traps under the
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gate. Furthermore, these devices also exhibited a noticeable decrease of gm
as well as a signi�cant increase of RON, revealing that traps were also located

in the gate-drain access region. One electron-emission process linked to an

acceptor-like trap with an EA of 0.43 eV as well as a hole-emission process

attributed to a donor-like trap with an EA of 0.21 eV were detected in AlGaN

barrier devices on SiC. On the other hand, an electron-emission process linked

to an acceptor-like trap (EA = 0.38 eV), and two hole-emission process associ-

ated with two donor-like traps (with EA of 0.18 eV and 0.82 eV, respectively)

were detected in InAlN barrier devices.

7.2 Future work

Some promising experiments can be proposed as future work considering the results

achieved in this thesis:

Contribution to the technology of E-mode HEMTs

� The evaluation of trapping e�ects in the E-mode HEMTs fabricated by both

�uorine-based treatments since the DC-RF dispersion is a relevant limitation.

Furthermore, it could be interesting to study the possible generation of trap

states during the �uorine-based treatment. To do so, double-pulsed measure-

ments can be performed to analyze the possible observable changes in ID, gm,

RON and VTH. Moreover, ID transient measurements can be useful to obtain

information related to the traps, such as their EA.

Performance at di�erent ambient temperatures

� Using the methodology developed in this thesis, the assessment at high tem-

perature of GaN-based devices fabricated with novel heterostructures should

be relevant. For instance, AlGaN/GaN or InAlN/GaN structures with an

InGaN back barrier [Pal06b, Lee11], since the introduction of a back barrier

has been demonstrated to improve the carrier con�nement.

Self-heating

Although HEMTs with an excellent power performance have been achieved by the

scienti�c community, their use has been limited by the self-heating. Therefore, the
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(a) (b)

Figure 7.1: (a) Amplitude and (b) phase obtained. The inset corresponds to the
scheme of modulation used: VGS modulation with Vo = -3 V, VA = 6 V, (V1 =
- 6 V, and V2 = 0 V) and flock-in = 149 Hz. The central cells and the drain pad
exhibited higher power dissipation.

self-heating and the thermal management are crucial issues that requires further

investigations.

� IR-thermography studies can be proposed to better understand the self-heating.

For instance, some preliminary studies have been developed in collaboration

with the CNM to con�rm the suitability of this technique to assess the device

layout weaknesses. Figure 7.11 illustrates the areas of the device layout where

the power dissipation was concentrated.

� The use of graphene-based materials as a heat sink layer since graphene has a

very high thermal conductivity. This approach would consist of the deposition

of the graphene-based material on top of the device after its fabrication. As

a preliminary attempt, the commercial paste ThermeneTM designed for the

heat evacuation in CPUs [Ther14] was deposited in passivated AlGaN/GaN

HEMTs grown on sapphire. As �gure 7.2 shows, an increase in ID was ob-

served after its deposition which can be attributed to the reduction of the

self-heating. However, the paste was degraded after repeating the measure-

ments, probably because Tchannel reached a higher value than the maximum
1These measurements were performed by J. Leon from the CNM
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Figure 7.2: Output characteristics of an AlGaN/GaN device on sapphire before and
after the deposition of the commercial ThermeneTM paste on the hot spots. The
repetition of the measurements led to a degradation of the ID.

temperature for which the paste is stable (100°C), and then its bene�ts were

not permanent.

Trapping-e�ects

� IR-thermography studies can be useful to understand the observed reduction

of the trapping e�ects after the thermal stress tests in AlGaN/GaN on Si

devices with di�erent cap layers: GaN, in situ SiN, and in situ SiN/GaN (see

section 6.2).

� Some dynamic on-resistance measurements can be performed in the studied

AlGaN/GaN on Si HEMTs with di�erent cap layers as a complementary way

to con�rm the suitability of the introduction of in situ SiN cap layer to reduce

the trapping e�ects. This task has already being developed in collaboration

with Prof. Masset's group from Universidad de Valencia.

� Since GaN-based HEMTs are considered promising candidates for space ap-

plications, the assessment of the radiation impact on the trapping e�ects can
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be an interesting topic. Taking into account the robustness exhibited by in

situ SiN/AlGaN/GaN on Si HEMTs, it could be interesting to study the ef-

fects of the radiation on these devices and evaluate the possible generation

of trap states. To do so, an exhaustive double-pulsed characterization and

ID transient measurements would need to be performed before and after the

radiation tests.



Appendix A

Instrumentation developed

This appendix is devoted to the description of the double pulsed measurement

system developed during this thesis. It is mandatory to highlight its relevancy

since it was essential for most of the studies carried out, i. e. the evaluation

of the self-heating for devices with a wide range of characteristics, as well as the

assessment of the trapping e�ects. It consists of two components: the hardware

and the software, which both are described below.

A.1 Hardware

The hardware, whose scheme is illustrated in detail in �gure A.1, consists of:

� An Agilent 81150A pulse function arbitrary noise generator, which provides

the signals VGS and VDD for biasing the device under test.

� A resistance (R) of 100 Ω used to monitor the ID.

� An Yokogawa DLM2000 digital oscilloscope which captures the signals VGS,

VDD, and VDS. Whereas the capture of VGS signal is only for checking pur-

poses, the corresponding to VDD and VDS is required for the calculation of

the ID applying the following expression:

ID =
VDD − VDS

R
(A.1)

� A desktop PC connected to the equipment using an Agilent 82357B USB/GPIB

interface in order to control them remotely.
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Figure A.1: Detailed scheme of the pulsed system developed during this thesis.

Table A.1: Description of the two selectable output ampli�ers [Key14].

HIGH

BANDWIDTH

AMPLIFIER

HIGH VOLTAGE

AMPLIFIER

AMPLITUDE

50 Ω into 50

Ω

50 mVpp to 5 Vpp 50 Ω into 50 Ω 100 mVpp to 10 Vpp

50 Ω into

open
100 mVpp to 10 Vpp

5 Ω into 50 Ω
200 mVpp to 20 Vpp

50 Ω into open

VOLTAGE

WINDOW

50 Ω into 50

Ω

∓5 V 50 Ω into 50 Ω ∓10 V

50 Ω into

open

∓10 V 5 Ω into 50 Ω
∓20 V

5 Ω into 50 Ω ∓9 V 50 Ω into open

A.1.1 Agilent 81150A

This high precision pulse generator presents versatile signal generation, modulation

and distortion capabilities. It has two output channels which can work coupled or

uncoupled. Moreover, it presents two selectable output ampli�ers: high bandwidth

ampli�er and high voltage ampli�er, with di�erent amplitude and voltage window

ranges detailed in table A.1.

In this case, the more adequate combination is the selection of high voltage

ampli�er with 50 Ω into open to maximize the eligible VDD range up to 20 V.

Although it o�ers several possible waveforms, the most interesting ones for the

evaluation of these devices are the pulse waveform and DC. The main characteristics
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Table A.2: Main characteristics of pulse waveform in high voltage ampli�er con�g-
uration for 50 Ω into open [Key14].

PULSE CHARACTERISTICS

Frequency Range 1 μHz to 50 MHz

Pulse width
Range 10 ns to (period - 10 ns)

Resolution 100 ps, 6 digits
Accuracy ∓500 ps ∓50 ppm

Transition time
Range 7.5 ns to 1000 s (10% to 90%)

Resolution 100 ps, 6 digits
Accuracy -1000 ps to +500 ps ∓ 50 ppm

Overshoot 2% typ.

Amplitude
Range 200 mVpp to 20 Vpp

Accuracy (∓1.5% of setting + 5 mV)
Voltage window -20 V to 20 V
O�set accuracy ∓(75 mV + 1%)
Resolution 1 mV, 4 digits

of the pulse waveform in high voltage ampli�er con�guration are shown in table A.2.

A.1.2 Yokogawa DLM2000

This digital oscilloscope has four analog channels and their input coupling can be

AC, DC, DC50 Ω, and GND. Its maximum sample rate depends if the interleave

mode is ON or OFF, being 1.25 GS/s or 2.5 GS/s, respectively. The resolution

of its A/D converter is 8 bits (25 LSB/div) or maximum 12 bits if high resolution

mode is ON. The minimum record length is 25 Mwords when single mode is selected.

Table A.3 describes the main characteristics of its analog signal inputs. On the other

hand, the trigger source can be the signal of any analog input, and the trigger mode

presents di�erent options, such as auto, auto level, single, and single interleave.

A.1.3 Limitations

The main limitations of the hardware are explained bellow:

� The voltage range provided by the pulse generator is (-20 V, 20 V). This range

covers the typical values used for both VGS and VDS. However, it would have

been interested to have a greater VDS range to evaluate the power devices.

� The minimum pulse width is 350 ns; otherwise, the pulse signal exhibits noise.
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Table A.3: Main characteristics of its analog signal inputs [Yok14].

1 MΩ 50 Ω

Input

impedance

Analog input 1.0%, approx. 20 pF 1.0%

Voltage axis

sensitivity setting

range

2 mV/div to 10 V/div 2 mV/div to 500 mV/div

Max. input voltage 150 Vrms Must not exceed 5 Vrms

or 10 Vpeak

Max. DC o�set

setting range

2 mV/div to 50 mv/div

∓1 V

2 mV/div to 50 mv/div

∓1 V

100 mV/div to 500

mV/div ∓10 V

100 mV/div to 500

mV/div ∓5 V

1 V/div to 10 V/div

∓100 V

Vertical-

axis

DC accuracy ∓(1.5% of 8 div + o�set voltage accuracy)

O�set voltage

accuracy

2 mV/div to 50 mV/div ∓ (1% of setting + 0.2 mV)

100 mV/div to 500 mV/div ∓ (1% of setting + 2 mV)

1 V/div to 10 V/div ∓ (1% of setting + 20 mV)

Frequency

charact.

150 MHz (20 mV to 50

mV)

150 MHz (2 mV to 5 mV)

200 MHz (100 mV to 100

V)

200 MHz (10 mV to 500

mV)

A/D resolution 8 bits (25 LSB/div) Max.12 bits (in high resolution mode)

� The resolution of the Y-axis of the oscilloscope depends on the voltage scale,

being worse for the ones greater than 1 V (see table A.3). In order to improve

it, the software performs two oscilloscope captures: the �rst one to read the

VDD and VDS values, which are used as the o�set of Y-axis in the next capture.

This enables the use of a lower voltage scale, which leads to a better resolution.

A.2 Software

The software has been implemented using LabView, which is a system-design plat-

form for a visual programming language created by National Instruments [Ni14]. It

is commonly used as development environment for measurements, instrument con-

trol, and data acquisition. The LabView programs or subroutines are named virtual

instruments (VI). They consist of a graphical block diagram where the programmer

connects di�erent nodes by drawing wires; and a front panel which corresponds to
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the user interface.

A.2.1 Requirements

The requirements that the software had to meet were:

� Enabling the double pulsed measurements

� Simple interface to facilitate the exchange of information with the user

� Control of the instruments using an Agilent 82357B USB/GPIB interface

� Representation of ID-VDS in real time

� Enabling the representation of the last I-V curves simultaneously to the cur-

rent measurement

� Saving the data in the �le previously chosen by the user

A.2.2 Methodology

The methodology adopted for the development of the software was the following:

� Assessment of the characteristics and limitations of the hardware.

� Development of the VIs for the control of both the pulse generator and the

digital oscilloscope.

� Programming of the VIs for the calculation of ID applying the eq. A.1 and

the representation of the ID-VDS curve in real time, as well as the saving of

data in the �les selected by the user.

� Development of the main program which includes all the subroutines previ-

ously developed.

� Evaluation of the �nal version of the software to check its proper performance.

� Correction of the mistakes and veri�cation that the software meets the re-

quirements.
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A.2.3 Flow chart

Figure A.2 illustrates the �ow chart of the software. The steps are described bellow:

1. The parameters chosen by the user to de�ne the VDD and VGS bias conditions

are read and veri�ed. A message is displayed if any of these parameters are

not properly de�ned.

2. The pulse generator is con�gured to provide the VGS bias with the proper

characteristics.

3. The pulse generator is then con�gured to provide the VDD bias with the

proper characteristics.

4. The more adequate X and Y-axis scales are set in the oscilloscope to enhance

both the time and voltage resolutions.

5. The signals VDD, VDS, and VGS are captured by the oscilloscope.

6. The values of VDD, VDS, and VGS are read.

7. The Y-axis voltage scale is readjusted taking into account the VDD and VDS

read in the previous step. In this way, the resolution of the next capture is

improved.

8. The values of VDD and VDS are read and used to calculate the corresponding

ID applying the eq. A.1.

9. The ID - VDS point is plotted in real time.

10. The steps from 2 to 9 are repeated until the VDD and VGS sweeps are com-

pleted.

11. Once the I-V output characteristics are obtained, the user is asked if he/she

would like to smooth these I-V curves.

12. Data are saved in the �le previously selected by the user.

13. Finally, the user is asked if he/she would like to keep these curves in the

graph indicator for their comparison with the next measurement. To do so,

the software uses a temporal �le where these data are saved.
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Figure A.2: Flow chart of the software developed.
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A.3 Assessment procedure

This section is devoted to explain brie�y the use of this program from the user's

point of view. Figures A.3 and A.4 illustrate its front panel, which is the interface

between the user and the software itself. It includes controls to enable the settings

of the parameters required by the equipment; and graph indicators to show the

information to the user. The main controls and indicators are explained below:

� COUPLING CONFIGURATION: the indicators grouped with this la-

beled are related to the con�guration of the coupling. It must be set as

�channel coupling� for pulsing synchronously VGS and VDD.

� Channel: indicates the channel which will be coupled in case �channel

coupling� is selected.

� Frequency: it must be �channel� to perform double pulsed measurements.

On the other hand, it will be �No� in case of single pulse measurements.

� AMPLIFIER TYPE: this control must be set as �Maximum� to enable the

pulse generator works as �maximum amplitude ampli�er�.

� CHANNEL 1 CONFIGURATION: the controls grouped with this la-

beled are linked to the de�nition of the input in channel 1, which is used for

biasing the gate (VGS) of the device under test.

� Waveform Slope: this control is set as �Pulse�or �DC� depending on the

measurements.

� Period: used for de�ning the period of the pulse signal.

� Width: it sets the pulse width of the pulse signal.

� Highlevel: this control corresponds to the highest level required by the

user.

� LowLevel/O�set DC: it de�nes the lowest level required by the user.

� Step Ch1: this control sets the step for the sweep.

� Step>0?: this boolean control sets if the voltage sweep will be from lower

to greater values (ON), or the other way around (OFF).
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� CHANNEL 2 CONFIGURATION: this group of controls enables the

de�nition of the input in channel 2, which corresponds to VDD, and are similar

to the previously described for channel 1.

� CHANNEL CONFIGURATION: the default values are proper for the

common use of the software except for the following one:

� Period for Tim/Div?: it is used to choose if the �time/div� of the oscil-

loscope will be de�ned according to either the period or the width of the

signal.

� Path Oscilloscope Data: used to select the �le where the data captured by

the oscilloscope will be saved.

� Save in File?: this boolean control is set as �ON� if the user needs to save

the data captured by the oscilloscope.

� Path Id Data: the user indicates by means of this control the �le path where

the output characteristics measured will be saved.

� %: this control sets the percentage of the pulse width, where the value of the

VDD and VDS will be read for the calculation of ID.

� R: it is �xed to the value of the resistance used in the hardware to monitor

the ID.

� Current measurement: the user presses this bottom to perform the com-

parison of the previous measurements with the current one.

� START: after running the software, the user will click this bottom to start

the measurement.

� STOP: the user will press this bottom to end the measurements.

� Voltage - time graphs: these graphs show the captures of the oscilloscope.

The one on top presents the �rst capture; and the one at the bottom illustrates

the signals captured after the readjustment of the Y-axis.

� XY Graph 2: it presents the measured ID - VDS curves in real time.

� XY Graph: it would show the ID - VDS curves after smooth in case the user

chooses to do it.
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Figure A.3: Controls of the front panel.
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Figure A.4: Graph indicators in the front panel.





Appendix B

Device summary

This appendix is devoted to summarize the HEMTs evaluated during this disserta-

tion:

� CHAPTER 3: Contribution to the technology of E-mode HEMTs

� E-mode HEMTs fabricated by �uorination: �gure B.1a correspond to the

devices fabricated by both plasma and implantation treatments whose

performance was evaluated at high temperature; whereas �gure B.1b

illustrate the E-mode HEMTs processed for the assessment of the thermal

and time VTH stability.

(a) LG = 0.7 μm. (b) LG = 1.4 μm.

Figure B.1: E-mode HEMTs (LSD = 5 μm, and WG = 2x50 μm) fabricated by

either �uorine plasma or �uorine implantation treatments.
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� CHAPTER 4: Performance of (InAl)GaN HEMTs at di�erent ambient tem-

peratures

� E�ect of di�erent cap layers: �gure B.2 describes the HEMTs fabricated

on AlGaN/GaN heterostructures with GaN, in situ SiN, and in situ

SiN/GaN cap layers.

(a) LGD = 2.5 μm. (b) LGD = 15 μm.

Figure B.2: One �nger devices (LG = 3 μm, and WG = 100 μm) involved in the

assessment of the potential bene�ts of di�erent cap layers: GaN, in situ SiN, and

in situ SiN/GaN.

� E�ect of di�erent layouts and geometries:

* Layout: �gure B.3 shows the multi�nger devices whose DC perfor-

mance was analyzed from RT to 225°C.

* Gate length: the one �nger devices described in �gure B.4 were

assessed under DC conditions from RT to 225°C.

* Gate-to-drain distance: �gure B.5 illustrates the devices evaluated

from RT to 225°C to study the in�uence of LGD on the DC perfor-

mance at high temperature.

� CHAPTER 5: Self-heating

� Electrical method proposed for Tchannel estimation: AlGaN/GaN HEMTs

grown on SiC, Si, and Sapphire with the same layout that devices shown

in �gure B.1.
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(a) WG = 2x100 μm. (b) WG = 2x75 μm.

(c) WG = 8x75 μm.

Figure B.3: InAlN/GaN HEMTs with LG = 250 nm and di�erent layouts.

(a) LG= 1.5 μm. (b) LG= 3 μm. (c) LG= 6 μm.

Figure B.4: One �nger HEMTs with �xed LGD = 15 μm, and WG = 100 μm, and
variable LG.
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(a) LGD= 10 μm. (b) LGD= 15 μm. (c) LGD= 20 μm.

Figure B.5: One �nger HEMTs with �xed LG = 3 μm, and WG = 100 μm, and
variable LGD.

� Device geometry in�uence:

* Gate width: self-heating was analyzed determining Tchannel and RTH

in AlGaN/GaN devices grown on sapphire with the layout described

in �gure B.6.

(a) WG= 100 μm. (b) WG= 200 μm.

(c) WG= 300 μm.

Figure B.6: One �nger devices with LG = 3 μm, LGD = 15 μm, and variable WG.
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* Gate length: one �nger devices fabricated on AlGaN/GaN/Al2O3

with LG from 1.5 μm to 5 μm (see �gure B.7), and two �nger HEMTs

(see �gure B.8) with LG= 500 nm, and 1.2 μm were studied.

(a) LG= 1.5 μm. (b) LG= 2 μm. (c) LG= 3 μm.

(d) LG= 4 μm. (e) LG= 5 μm.

Figure B.7: One �nger HEMTs with �xed LGD = 15 μm, WG = 100 μm, and

variable LG.

(a) LG = 0.5 μm. (b) LG = 1.2 μm.

Figure B.8: Two �nger HEMTs fabricated with LGD = 15 μm, WG = 100 μm, and

di�erent values of LG.

* Gate-to-drain distance: one �nger HEMTs fabricated on AlGaN/GaN/Al2O3



210 APPENDIX B. DEVICE SUMMARY

with LGD from 2.5 μm to 20 μm were evaluated (see �gure B.9).

(a) LGD= 2.5 μm. (b) LGD= 5 μm. (c) LGD= 10 μm.

(d) LGD= 15 μm. (e) LGD= 20 μm.

Figure B.9: One �nger HEMTs with �xed LG = 3 μm, and WG = 100 μm, and

variable LGD.

� CHAPTER 6: Trapping e�ects

� Di�erent cap layers: one �nger devices as the illustrated in �gure B.2.

� AlGaN and INAlN barrier devices on SiC

* Assessment of trapping e�ects and characterization of traps: �gure

B.10 illustrates the design of the devices studied.
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Figure B.10: One �nger HEMTs with �xed LG = 3 μm, LGD= 10 μm, and WG =

100 μm.

* Impact of gate length: AlGaN and InAlN barrier HEMTs with dif-

ferent LG values from 3 μm to 6 μm were studied (see �gure B.11).

(a) LG= 3 μm. (b) LG= 4 μm.

(c) LG= 5 μm. (d) LG= 6 μm.

Figure B.11: One �nger HEMTs with �xed LGD = 15 μm, and WG = 100 μm, and

variable LG.

* Impact of gate-to-drain distance: the trapping e�ects were analyzed

for one �nger HEMTs with di�erent LGD from 10 μm to 20 μm (see

�gure B.5).
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� CHAPTER 7: Conclusions an future work

� Preliminary IR-thermography measurements to better understand the

self-heating and to analyze the layout weaknesses were carried out in

HEMTs illustrated in �gure B.12.

Figure B.12: Multi�nger HEMT analyzed by IR-thermography.

� Preliminary studies of graphene-based materials for thermal manage-

ment were performed in devices described in B.13.

Figure B.13: One �nger devices with LG = 3 μm, LGD = 5 μm, and WG = 100 μm.
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