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We study the reliability of Al2O3/InGaAs metal-oxide-semiconductor gate stacks by investigating

the effect of bias temperature stress on the charge trap density at the Al2O3/InGaAs interface and

in the bulk oxide. Under extended negative biasing at 100 �C, the gate stacks display a notable

increase in the interface trap density (Dit), but little change in the border trap density. This

phenomenon is more prominent for samples exposed to a H2/N2 forming gas anneal (FGA) than for

the as-deposited samples. Negative gate bias applied during 100 �C thermal stress negates the

FGA-induced passivation of interface states and causes convergence of the Dit of the post-FGA and

as-deposited gate stacks with increasing biasing time. This appears to be caused by hydrogen

depassivation of interface traps under bias temperature stress, which is further supported by an

observed hydrogen isotope effect when comparing the rate of Dit increase after annealing in hydro-

genated versus deuterated forming gas. A N2 anneal control experiment also indicates that the sta-

bility of the interface trap density of post-FGA Al2O3/InGaAs gate stacks is more strongly

influenced by the behavior of hydrogen at the interface than by the thermal treatment effect of the

anneal. Published by AIP Publishing. https://doi.org/10.1063/1.4994393

I. INTRODUCTION

For beyond-silicon complementary metal oxide semi-

conductor (CMOS) devices, In0.53Ga0.47As is an attractive

candidate for n-type channel materials due to its high elec-

tron mobility.1,2 Atomic layer deposited (ALD) Al2O3 has

high thermal stability and a large conduction band offset

with respect to InGaAs,3,4 prompting interest in it either as a

dielectric layer for InGaAs field effect transistors,5,6 or as a

high band-offset interlayer between the InGaAs channel and

other high-k dielectrics.7 Due to the lack of a good native or

thermally grown oxide, extensive research on InGaAs MOS

devices has focused on the removal of charge traps, includ-

ing those at deposited oxide/III-V interfaces,8–11 and of bor-

der traps in the dielectric layer.12–14 Much progress has been

made in defect passivation and performance optimization

over the past decade, leading to the development of high per-

formance InGaAs MOSFETs with low interface defect den-

sity, excellent thermal stability, and high drain current of

1.84 mA/lm.15–17 However, the bias temperature instability

(BTI) of high-k/InGaAs MOS devices has taken on growing

importance.18–21 Degradation of InGaAs n-MOSFETs

induced by bias temperature stress (BTS) has been reported

routinely, affecting a number of device properties including

the threshold voltage, the transconductance, the subthreshold

swing, and the on-state current.22,23 The BTS effect is much

more pronounced than typical Si MOS devices and becomes

a critical concern for the practical implementation of

InGaAs-based CMOS.24

Despite several reports of BTI of high-k/InGaAs MOS,

the underlying mechanisms are still not clearly understood.

In separate publications, BTS-induced device degradation

is ascribed to slow charge trapping in the gate oxide24,25

or to the generation of charge traps at the oxide-InGaAs

interface.26,27 Pre-existing border traps in the high-k dielec-

tric layer are also assumed to contribute to the transient

instability of electrical characteristics of III-V based devi-

ces.28,29 In addition, the extent of BTI instability of high-k/

InGaAs gate stacks is affected by differences in device fabri-

cation and the abruptness of the dielectric/semiconductor

interface,30,31 which complicates the understanding of BTS

induced degradation. Finally, even though a number of these

prior works electrically characterized traps generated or

depassivated during BTS in InGaAs MOS devices, the atom-

istic origins of these defects remain elusive.

In this work, we systematically investigated the effect of

BTS on the Al2O3/InGaAs gate stacks fabricated by an opti-

mized in situ As2 desorption recipe, which has previously

been found to generate an abrupt and well-defined oxide/

semiconductor interface.31 Capacitance-voltage (C-V) data

for Al2O3/InGaAs MOS capacitors after different durations

of BTS were measured, and the evolution of both the inter-

face trap density (Dit) and the border trap density (Nbt) was

examined quantitatively. We also engineered Al2O3/InGaAs

gate stacks with various post-ALD treatments, and the impact

of BTS on these samples was carefully compared to gain a

deeper insight into its physical mechanism.

II. MATERIALS AND METHODS

An n-type Si doped (1� 1017 cm�3) InGaAs (100) epi-

layer was grown lattice matched on InP substrates by molec-

ular beam epitaxy (MBE). During the post-growth cooling of

the MBE process, InGaAs was coated with an As2 capping

layer of �200 nm thickness, which protects the InGaAs sur-

face from oxidation and contamination during air exposure

before loading into the ALD chamber. Immediately follow-

ing the thermal desorption of As2 capping at 350 �C in the
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high vacuum ALD chamber (�10�6 Torr), �4.5 nm of Al2O3

was deposited using 60 cycles of alternating trimethylalumi-

num (TMA) and H2O pulses at a substrate temperature of

270 �C. The estimated doses per cycle was 900 L and 1200 L

for TMA and H2O, respectively, and the chamber pressure

was maintained at 0.68 Torr by a continuous flow of dry N2.

After the ALD process, 30 nm thick circular (50–125 lm

radius) Pd top electrodes and 100 nm thick Al back contacts

were deposited by thermal evaporation.32 Further details of

the experimental methods can be found in Ref. 32. A subset

of Pd/Al2O3/InGaAs gate stacks was then annealed in 5%H2/

95%N2 forming gas at 400 �C for 30 min.

The electrical properties of the pristine gate stacks were

characterized by multifrequency C-V curves from 1 kHz to

1 MHz at room temperature in the dark, using a HP4284A

LCR meter. The trap density is quantitatively analyzed by a

full interface state model33 and a border trap model34 through

the fitting of C-V and conductance-voltage (G-V) data. The

flatband voltage point (Vfb) was extracted by fitting the ideal

C-V with the 1 MHz data,35 which produced results consis-

tent with the commonly used inflection point method.36 BTS

was performed by heating the samples to 100 �C, and then

applying a steady positive or negative bias on the top Pd elec-

trode for an extended duration (�30–60 min). The semicon-

ductor chips were kept in a vibration-resistant probe station

under lab air and in the dark during the BTS treatment. The

samples were then cooled down to room temperature and

C-V curves were measured with the same setup as that used

prior to BTS. A schematic illustration of the measurement

setup is shown in Fig. 1(a). The impact of BTS on the gate

stacks was investigated by comparing the electrical measure-

ment results before and after stressing.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the C-V data for Pd/Al2O3/InGaAs gate

stacks after forming gas anneal (FGA) and before the BTS test.

The extracted Vfb is �0.7 V for the pristine devices before

BTS. In the subsequent positive and negative BTS at 100 �C,

the stressing voltages were set to 3.3 V and �2.0 V, respec-

tively, to maintain similar voltage differences with respect to

Vfb and comparable electric fields across the dielectric. The

magnitude of the oxide electric field, taking into account the

effect of the interface and border traps, is �4.4 MV/cm for all

cases in this study. C-V data were measured at room tempera-

ture after either positive or negative BTS at 100 �C for 30 min,

as shown in Figs. 1(c) and 1(d), respectively. Compared to the

pristine devices, a notable increase of the frequency response

in inversion is detected after the BTS test, and this effect is

especially significant after negative BTS testing [Fig. 1(d)].

This result indicates a BTS induced degradation of the Al2O3/

InGaAs interface with increased interface trap density (Dit),

which is quantitatively confirmed by the full interface state

model, as displayed in Fig. 1(e). The C-V data after the BTS

test remain invariant during storage of the samples in lab air

and in the light for weeks, indicating irrecoverable degradation

of the interface of the MOS gate stacks. On the other hand, the

border trap density (Nbt) is unaffected by the BTS test, show-

ing a constant value of 9.0� 1019 cm�3eV�1 at E � EC

¼ 0.4 eV for all samples. The positive BTS test also induces

a slight positive shift of Vfb, which could be due to the genera-

tion of positive charge traps at the interface or in the bulk

oxide. The lower accumulation capacitance in the samples after

negative BTS is caused by a significant increase of Dit around

the flatband region, which induces a Fermi level pinning effect.

The greater negative bias temperature instability (NBTI) com-

pared to positive bias temperature instability (PBTI) for high-

k/InGaAs is consistent with a previous report.37 Samples not

subjected to bias show little change in C-V data after the

heating process, indicating that the increase in Dit observed in

Fig. 1 is not solely caused by 100 �C exposure to lab-air.

To investigate the cause of this BTS induced interface

degradation, we performed similar BTS testing on Al2O3/

InGaAs gate stacks fabricated with an identical procedure, but

without the post-metal FGA treatment. Due to the difference

in Vfb compared to post-FGA samples, the negative BTS for

these samples was set to �1.5 V to maintain a comparable

electric field in the dielectric. The C-V data for the pre-FGA

and post-FGA samples before and after the negative BTS test

are shown in Figs. 2(a)–2(f). An increase of the inversion fre-

quency dispersion with BTS time is observed for the pre-FGA

gate stacks [Figs. 2(a)–2(c)], but the magnitude of increase is

FIG. 1. Bias temperature stress for

post-FGA Al2O3/InGaAs gate stacks.

(a) Procedure for bias temperature

stress treatment and electrical charac-

terization. (b)–(d) Multifrequency C-V

measurements for post-FGA Al2O3/

InGaAs gate stacks before bias temper-

ature stressing (a), after 3.3 V biasing

at 100 �C for 30 min (b), and after

�2 V biasing at 100 �C for 30 min (d).

(e) Extracted Dit for all the samples in

(b)–(d).
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much less than that observed for the post-FGA samples [Figs.

2(d)–2(f)]. It is interesting to note that while the size of inver-

sion bump is much smaller for the post-FGA samples com-

pared to pre-FGA ones before the BTS test [Figs. 2(a) and

2(d)], upon extending the BTS time to 30 min and further to

60 min, the frequency dispersion of the inversion capacitance

becomes increasingly similar for the two types of samples

[Figs. 2(b), 2(c), 2(e), and 2(f)]. This observation indicates

that the interface quality of pre-FGA and post-FGA gate

stacks converges during the extended BTS test, which is also

supported by the extracted Dit in Fig. 2(g). From this Dit

summary plot, an improvement of the Dit occurs during the

FGA, but this improvement is negated by the BTS test, pro-

ducing similar Dit for the pre-FGA and post-FGA samples

with increasing biasing time. Because the main effect of FGA

on the interface is the passivation of charge traps by exposure

to atomic hydrogen,12,13 the offset of this improvement sug-

gests that the BTS treatment may have the opposite effect,

causing atomic hydrogen to depassivate from the dangling

bonds at the interface under electric field stress. This is con-

sistent with the BTS-induced degradation of the interface

quality, especially for those samples tested after FGA.

FIG. 2. Negative bias temperature stress for as-deposited and post-FGA Al2O3/InGaAs gate stacks. (a)–(c) Room temperature multi-frequency C-V measure-

ments of as-deposited Al2O3/InGaAs after 0, 30, and 60 min of electrical stressing at 100 �C. (d)–(f) Room temperature C-V measurement for post-FGA

Al2O3/InGaAs after 0, 30, and 60 min of electrical stressing at 100 �C. (g) Extracted Dit for all the samples in (a)–(f).

FIG. 3. Comparison of H2 and D2 FGA treated Al2O3/InGaAs gate stacks with negative bias temperature stress. (a)–(c) Room temperature C-V measurements

of H2 FGA treated Al2O3/InGaAs after 0, 30, and 60 min of electrical stressing at 100 �C. (d)–(f) Room temperature C-V measurements of D2 FGA treated

Al2O3/InGaAs after 0, 30, and 60 min of electrical stressing at 100 �C. (g) Extracted Dit for all the samples in (a)–(f).
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A hydrogen isotope experiment was employed to

probe the hydrogen depassivation mechanism during BTS.

Deuterated FGA was performed on Al2O3/InGaAs after the

metallization process under conditions identical to those

used for the regular post-gate H2/N2 FGA. While the similar-

ity between the C-V curves in Figs. 3(a) and 3(b) indicates

an almost identical initial passivation of Dit and Nbt by H2/

N2 FGA and D2/N2 FGA, a notable difference is observed in

the device response after BTS is performed. Under the same

BTS test conditions, the gate stacks fabricated using deuter-

ated FGA show a smaller capacitance dispersion in inversion

than those made by the regular H2/N2 FGA [Figs. 3(b)–3(f)],

and a lower extracted Dit, as displayed in Fig. 3(g). This

difference is reproducible for numerous MOS capacitors

(MOSCAPs) of different gate areas prepared on each sample.

This is a clear sign of a hydrogen isotope effect, suggesting

that the mass difference of H and D affects the BTS induced

interface degradation in Al2O3/InGaAs devices, consistent

with the idea of slower field-driven depassivation of defects

by deuterium than by hydrogen. Such an isotope effect has

been reported previously for Si devices,38,39 and is interpreted

as a strong indicator of a hydrogen desorption/depassivation

mechanism as the cause of degraded device reliability.

To further elucidate that the higher sensitivity to BTS for

the post-FGA samples compared to un-annealed ones results

from hydrogen depassivation, rather than a simple thermal

annealing effect during the FGA, we fabricated another set of

samples by annealing the post-metallization Al2O3/InGaAs

gate stacks in purified N2 with the same thermal budget used

during FGA (400 �C for 30 min). The N2 passes through a get-

tering furnace to scavenge O2 before entering a quartz tube

furnace for sample annealing, and the concentration of O2

in the N2 gas at the outlet of the gettering furnace reads

�0.01 ppm. The C-V data for the N2 annealed gate stacks is

shown in Fig. 4(b). The effect of negative BTS for the N2

annealed gate stacks [Figs. 4(b) and 4(e)] is compared to that

of the un-annealed [Figs. 4(a) and 4(d)] and post-FGA sam-

ples [Figs. 4(c) and 4(f)], with identical stressing temperature

and a similar applied electric field in the Al2O3 dielectric. An

increase of the capacitance dispersion in inversion is observed

for the N2 annealed samples after BTS testing. Similar to the

un-annealed gate stacks, the N2 annealed samples show a

much smaller magnitude of interface degradation compared

to the post-FGA ones. This result is quantitatively illustrated

in the Dit values extracted by analysis of the C-V data using

the full interface state model, as shown in Fig. 4(g). For all

these three types of devices, negative BTS induces an increase

of the Dit across the bandgap. Near the conduction band

edge, the increase of Dit after negative BTS testing is

�3� 1012 cm�2eV�1 for both the un-annealed and N2 annealed

devices, and is �7� 1012 cm�2eV�1 for the post-FGA samples.

This result demonstrates the similar interface degradation behav-

ior of the N2 annealed Al2O3/InGaAs gate stacks compared to

un-annealed devices, and their difference from the post-FGA

samples. It is evident that the BTS induced interface degradation

of post-FGA devices is correlated with the use of hydrogen to

passivate interface traps (and their depassivation under stress-

ing), rather than the thermal effect of annealing alone. The mid-

gap Dit at E – EC¼�0.37 eV for all samples measured under

various BTS conditions is summarized in Fig. 5.

IV. CONCLUSIONS

In conclusion, we investigated the reliability of Al2O3/

InGaAs gate stacks through BTS tests. While having a negli-

gible effect on the Nbt, BTS testing at 100 �C, especially

under negative bias, induces a significant increase in Dit.

This degradation effect is more significant for the post-FGA

devices than the un-annealed samples or those annealed in

inert environments. Interface trap passivation during FGA is

reversed by the negative BTS testing, causing the post-FGA

FIG. 4. Negative bias temperature stress for Al2O3/InGaAs before FGA, after N2 anneal, and after H2 FGA. (a)–(c) Room temperature C-V measurements for

pre-bias-stressing Al2O3/InGaAs before FGA, after N2 anneal, and after H2 FGA. (d)–(f) Room temperature C-V measurements for the above gate stacks after

30 min of electrical stressing at 100 �C. (g) Extracted Dit for all the samples in (a)–(f).
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Dit to converge to pre-FGA Dit values with increasing BTS

time, indicating depassivation of hydrogen from interface

defects. This mechanism is further supported by the hydro-

gen isotope effect, showing improved reliability of Al2O3/

InGaAs for devices with deuterated FGA compared to H2/N2

FGA. This study demonstrates a potentially irrecoverable

interface trap increase for post-FGA Al2O3/InGaAs gate

stacks operating at elevated temperatures, which is caused

by hydrogen depassivation from defects at the oxide/semi-

conductor interface. Further study to improve the thermal

and bias stability of hydrogen passivation or explore alterna-

tive passivation approaches for a more stable enhancement

of oxide/InGaAs device performance is needed to avoid the

observed increase in interface state density.
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