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Monolithically integrated GaAs p-i-n diodes are demonstrated on 300-mm Si (001) substrates using
a nanoridge-engineering approach. Deep-level transient spectroscopy (DLTS) is used to perform defect
analysis for nanoridge and planar GaAs diodes. The point defect, EL2 with NT � 3 × 1014 cm−3, is
observed for nanoridge p-i-n diodes. A methodology is developed to extract the surface-state density
(NSS) directly from the DLTS spectrum. GaAs nanoridge diodes show NSS � 2 × 1013 cm−2 compared
to planar diode approximately 6.5 × 1012 cm−2. A clear correlation is observed between dark current and
defect density. An investigation on the impact of an in situ and ex situ passivation layers on the leakage
current reduction is performed for GaAs p-i-n diodes.
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I. INTRODUCTION

III-V-based semiconductor materials have several
advantages such as higher mobility, breakdown voltage,
conversion efficiency, and a direct band gap compared
to silicon, conventionally used for CMOS devices. These
benefits have led to an increased interest, in the last few
decades, in their application in logic and high-frequency
devices [1,2], light-emitting diodes [3,4], hybrid lasers [5,
6], photodetectors [7,8], and solar cells [9,10]. However,
current III-V technologies utilize expensive native sub-
strates for device fabrication, which are not a cost-effective
solution for high-volume production requirements.

The monolithic integration of III-V materials on silicon
allows a direct combination of the unique properties of
advanced compound semiconductors with highly scalable
and cost-effective commercial CMOS technology.

Unfortunately, direct epitaxial growth of III-V materials,
such as GaAs on standard Si (001) is challenging and has
an impact on device performance [11,12]. This is due to the
significant 4% lattice mismatch between GaAs and Si, as
well as the 60% difference of their thermal expansion coef-
ficients. Moreover, direct nucleation of GaAs on Si poses
the threat of undesirable antiphase domain formation.

These challenges can be addressed by the use of differ-
ent engineering approaches such as direct wafer-to-wafer
bonding [13,14], strain-relaxed buffer engineering [15,
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16], and three-dimensional (3D) stacked flip-chip packag-
ing [17,18]. Recently, a method of controlling the defect
density in epitaxially grown layers is demonstrated for
Ge [19,20] and III-V materials [21–23]. In this so-called
aspect-ratio trapping (ART) approach, the selective area
growth of III-V materials in highly confined patterns
directly on a Si (001) wafer allows for efficient control
over defectivity in the device structure. Using this method,
the monolithic integration of III-V devices with low defect
density on Si is finally possible as relaxation defects are
trapped at the pattern side walls close to the III-V/Si inter-
face. Nanoridge engineering (NRE) is based on ART but
adds the advantage that an engineered nanoridge (NR) acts
as the device region, which is clearly separated from the
defective area of the strain relaxation. The monolithic inte-
gration starts with the growth of GaAs inside a trench
pattern with high aspect ratio for efficient defect trapping
and is continued outside of the trenches. The shape of the
nanoridges, which evolves on top of the trench pattern,
can be controlled by the applied growth parameters. Due
to a pronounced increase in III-V volume together with a
low defect density these NRs are very suitable for recent
III-V device architectures on Si. The potential of NRE
for III-V device integration on Si is emphasized by the
demonstration of nanoridge-based laser diodes and hetero-
junction bipolar transistors (HBTs) [24,25]. More details
about NRE are reported in Refs. [26–28].

Another challenge related to III-V-based devices is
the presence of surface states located at an unpassivated
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region such as mesa side walls, whose density depends
upon the fabrication and, in particular, precleaning
and passivation methods. For GaAs devices, the val-
ues of the surface-state density (NSS), reported by dif-
ferent authors are between 5 × 1011 cm−2 eV−1–7 ×
1012 cm−2 eV−1 [29–31], whereas Si/SiOx has a value of
1 × 1010 cm−2 eV−1 [32]. The high surface-state density
causes many harmful effects such as high leakage current,
loss of efficiency, and reliability issues. These problems
create a requirement for better III-V surface-passivation
methods.

In this work, we report a deep-level transient spec-
troscopy (DLTS) study of the bulk and surface traps in
vertical GaAs nanoridge diodes heteroepitaxially grown on
Si substrates compared with homoepitaxial planar diodes
deposited on GaAs substrates. We show that by care-
ful control of defect density and fabrication process, NR
diodes can achieve performance similar to the classical
planar diodes fabricated on native GaAs substrates. We
focus on the correlation between defect density, in par-
ticular, bulk and surface traps, and leakage current. A
methodology for extracting the surface-state density of
p-i-n diodes is proposed and used to compare structures
with different passivation and mainly to study the impact
of NSS on leakage current.

II. EXPERIMENTAL METHODS

A. Sample fabrication

All GaAs diodes are grown by MOVPE. A planar GaAs
p-i-n diode (sample A), which is deposited on a 2-inch
highly n-doped GaAs substrate, is used as a homoepitax-
ial reference device to be compared with two different NR
diode structures (samples B and C) grown on the trench-
patterned Si substrates. The narrow trenches with about
80 nm width are processed in a 300-nm-thick SiO2 layer on
a 300-mm Si (001) substrate. The top Si layer is highly n
doped and the trench formation is based on a standard shal-
low trench isolation (STI) process. The Si surface inside
of the trenches is wet etched with tetramethylammonium
hydroxide (TMAH) in order to expose two {111} facets to
avoid the formation of antiphase disorder in GaAs. Sample
B represents a standalone NR diode, which suffers side-
wall deposition of all doped layers around the NR but
also enables the growth of an in situ InxGa1−xP passiva-

tion layer around the complete NR structure. To explore
the impact of such an in situ passivation, a 20-nm-thick
undoped InxGa1−xP layer is deposited in situ after the
growth of the GaAs diode layers. Details about the NR
growth can be found in previous publications [26–28].
Sample C is a NR diode integrated in a second tem-
plate oxide. As the n-doped GaAs NR touches the second
template oxide, no side wall deposition of the p-doped
layer is observed. Additional growth details are reported
in Ref. [25]. In order to also add an InxGa1−xP passivation
to sample C, the second template oxide is removed by wet
etch and the InxGa1−xP layer is added in a regrowth step
loading the wafer a second time into the epitaxy chamber.
The planar GaAs p-i-n diode (sample A) is deposited under
comparable MOVPE conditions as the GaAs NR diodes.
The diode-layer sequences, which count from the oxide
STI, and doping concentrations of samples A, B, and C
are summarized in Table I. Figure 1 holds several images
to explain the different device layouts as well as the metal
contacting approach. The defect density in the GaAs NR
diodes is expected to be below 5 × 105 cm−2 as reported
in Ref. [28].

After the NR growth, sample B gets a thick SiO2
planarization deposition step, which is formed by
plasma-enhanced atomic layer deposition (PEALD) and
high-aspect-ratio process (HARP) atmospheric chemi-
cal vapor deposition (CVD), followed by the chemical
mechanical polishing (CMP) process. The details of the
process flow for sample C with the second template oxide
can be found in the previous publication [25]. Sample C
with the additional ex situ InxGa1−xP passivation is sub-
sequently processed in the same way as sample B as the
second oxide removal leads to standalone NR again. For
the fabrication of electrical contacts, a combination of the
wet etching and sputtering of Ti/TiN/Al or Ti/Mo/Al is
used for NR diodes. The devices are biased using contacts
to the top p+-GaAs layer and n+-Si substrate. The device
length of the NR diodes, LNR, is around 100 μm. In the
case of NR diodes, the metal contacts are located around
5 μm away from the ends (edges) of the nanoridge. It is
known in NR growth that different NR facets evolve at the
trench ends [33]. Therefore, the thickness of the different
diode layers changes and might influence the diode behav-
ior. In order to check the impact of a passivation layer on
the device performance, several ex situ passivation layers

TABLE I. Structure of the fabricated GaAs p-i-n diodes.

Layer Sample A Sample B Sample C

p+ 100 nm, 3 × 1019 cm−3 40 nm, 9 × 1018 cm−3 200 nm, 9 × 1018 cm−3

p 200 nm, 1 × 1018 cm−3 130 nm, 2 × 1017 cm−3 · · ·
n− 400 nm, 5 × 1016 cm−3 400 nm, 2 × 1017 cm−3 400 nm, 2 × 1017 cm−3

n+ 200 nm, 1 × 1019 cm−3 200 nm, 1 × 1019 cm−3 200 nm, 1 × 1019 cm−3

Substr 2-inch GaAs 300-mm Si 300-mm Si
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(a) (b)

(c) (d)

FIG. 1. (a) Planar GaAs p-i-n diode (sample A), (b) standalone
NR diode (sample B), (c) NR buried in second oxide to avoid
side-wall deposition (sample C), and (d) high-angle annular dark-
field scanning TEM (HAADF STEM) image for sample C.

are applied to sample A. AlOx and HfOx are added by
atomic layer deposition (ALD) and SiOx is deposited by
CVD. If not mentioned explicitly in this work, no addi-
tional passivation layer is used. The mesa diameter of the
planar diode (sample A) is 200 μm and in the case of NR
diodes, 100–220 nanoridges are connected in parallel.

DLTS is performed on p-i-n diodes with a Semilab
DLS-83D tool using a capacitance bridge operating at
1 MHz. The diodes are mounted in a vacuum chamber and
a closed-cycle helium cryostat from Lake Shore can be
used to cool samples even below 77 K. During the DLTS
measurements, the temperature varies between approxi-
mately 10 and 400 K, additionally, a bias is periodically
applied from VR (quiescent reverse bias) to VP (pulse
bias) to the top contact of the p-i-n diodes. This helps
to fill the deep levels in intrinsic region of the p-i-n
diode with majority carriers (VP < 0) or minority carri-
ers (holes) when VP > 0. The pulse duration is denoted by
tp and the emission-rate window, determined by a lock-
in integrator, is represented by tw. The sensitivity of the
capacitance compensator is 10 pF, and the integration time
of the lock-in integrator is 3 s.

B. Methodology to distinguish and estimate the
density of bulk and surface defects

Traditionally, the characterization of bulk defects and
surface states can be achieved by DLTS, which has been
widely used for GaAs [34–37], InP [35], GaN [38], or
InGaAs [39,40] MOS capacitors and p-n diodes. By using

Arrhenius plots and carefully changing measuring condi-
tions, DLTS can be used to extract defect levels and to
differentiate between various types of defects, respectively.
Especially for such monolithic III-V integration approach
and NR architecture, distinguishing between bulk defects
introduced by the epitaxial growth or surface defects
induced by device processing becomes critical. Separating
these bulk- and surface-related defects allows for a better
understanding of the origin of the leakage current observed
in the GaAs diodes.

Differences between the DLTS response of bulk traps
such as point defect or extended defects (e.g., misfit,
threading dislocation) and surface states have been inten-
sively studied and can be summarized as follows.

(1) At lower electrical field (small reverse bias) during
trap emission: in the case of bulk traps with a discrete
energy level, the emission rate at a given temperature is
constant regardless of the pulse voltage VP, the peak tem-
perature of DLTS signal �C versus T plot does not change
with VP. This is in contrast to the significant shift observed
for a distribution of the density of states (DOS), that is
intrinsic to the surface state type of defects.

(2) Localization of surface states has a delta function-
like spatial distribution at the interface independent on the
energy distribution.

(3) For the surface potential near the trap energy ET(τ0),
the emission threshold is broadened by surface-potential
fluctuations, thereby leading to a broadening of the DLTS
spectrum, which is characteristically different from the
narrow and sharp peak of point defects (FWHM is approx-
imately 20–50 K depending on temperature).

(4) In the case of an extended defect, the DLTS sig-
nal increases logarithmically with the pulse duration tp and
reaches saturation at very long tp [41].

Bulk trap concentration (NT) is calculated from individ-
ual DLTS peak heights, accounting for the depletion region
volume where each particular trap state is modulated by the
applied biases, or the so-called “λ-effect,” for maximum
accuracy. This is related to the presence of a free-carrier
tail at the edge of the depletion region. Traps are filled
in the region between WR − λR and WP − λP [42] can be
expressed as

NT(Wm − λm)

ND(x)
= 2

�C
CR

⎡
⎢⎢⎢⎣

1(
1 − λR

WR

)2

−
(

WP − λP

WR

)2

⎤
⎥⎥⎥⎦ ,

(1)

where λR =
√

2εoεs(EF − ET)/q2ND is the distance from
the crossing point of the Fermi level EF with the trap
level ET and the edge of the depletion region [43], shown
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FIG. 2. Pictorial description of “λ-effect” for sample A at
VR = −1 V and VP = 0 V.

in Fig. 2. CR is the capacitance at reverse bias, ND(x) is
the doping concentration spatially dependent profile of the
measured layer, �C is the capacitance transient ampli-
tude, WR is the depletion depth under reverse bias, and
Wm − λm = 0.5 [(WR − λR) + (WP − λP)].

On the other hand, the density of surface states in the
case of MOS capacitors is extracted by using the following
expression [34,44,45]:

Dit = εoεsAND�CCox

βkBTC3
R

, (2)

where A is the area of the depleted region, factor β is
derived from the FWHM of a typical FFT DLTS peak and
defines the energy resolution and Cox is the oxide capaci-
tance for MOS devices. However, in the case of planar and
NR diodes, this correlation has the following limitations.

(1) The surface orientation of the side wall of a p-i-
n diode is different from (100) orientation of the MOS
interface. This difference in the orientation can induce a
significant error in the defect density extraction.

(2) The side wall of the p-i-n diode undergoes various
processing-related damage during the fabrication, hereby

leading to a rougher and more defective surface as com-
pared to interface of a MOS capacitor. This can lead to
additional discrepancies in the above correlation.

(3) The nonuniform and complicated Cox caused by a
nonvertical electrical field to the surface passivation layer
makes this expression (2) difficult to apply.

Therefore, a mathematical calculation is required to be able
to directly extract the density of surface states at the side
wall of a diode from the DLTS spectrum. This improves
not only the accuracy of the surface-state characteriza-
tion, but also increases the application range of the DLTS
technique. In this work, we show a methodology for the
surface-state density extraction at the side wall of p-i-n
diodes.

The main advantage of this methodology is the ability of
the DLTS technique to differentiate the response of surface
and bulk defects. Assuming the DLTS response of the sur-
face states is identified, the measured �C corresponds to
the charge trapped by surface states. This charge equality
approximation can be written as [46]

q × ND × �Wd × Abulk = q × NSS × �fs × Asurf, (3)

where the left-hand side of Eq. (3) represents the corre-
sponding change in the depletion width �Wd due to the
trap charge (WdNT/2 if ND � NT in DLTS) and the right-
hand side represents the negative of the charge at the
side-wall surface, both as charge per unit area. NSS is the
density of surface states (having unit of cm−2) assumed to
be uniformly distributed across the band gap, Asurf corre-
sponds to the effective side-wall generation-recombination
(GR) area of GaAs p-i-n diode and Abulk is the p-n-junction
area of the diode. �fs is the fraction of levels of surface
states between VP and VR, and can be derived from [46]

fs = Fn − Ei − eV(1 − fb)
Eg

, (4)

where fb is the occupational probability of the surface
states, Fn is the quasi-Fermi-level, Ei is the charge neutral-
ity level, V is the applied bias, and Eg is the band gap of the
material under investigation. Fn can be represented as Fn =
F + eV/2, where F is an average of quasi-Fermi-levels.

The change in the depletion layer charge, ND × �Wd,
can be associated with the capacitance transient �C (per
unit area) measured in DLTS by using the following
equation [47] (ND � NT):

NT = �C
CR

× 2ND × Wd. (5)
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By substituting Eqs. (4) and (5) in Eq. (3), we can obtain

NSS = �C
CR

× ND × Wd × Abulk

Asurf

×
[

Eg

�Fn − e�V + [VPfb(VP) − VRfb(VR)]

]
, (6)

where Abulk = Wn− × LNR and Asurf = 2 × tn− × LNR for
nanoridge p-i-n diodes, where LNR is the length of
nanoridge, Wn− is the width and tn− is the thickness of
low-doped n layer, which are equal to 0.6 μm and 0.4 μm,
respectively. The above set equations can be solved for
NSS by using the successive approximation method. In this
way, the density of surface states can be extracted from the
measured DLTS spectrum.

III. RESULTS AND DISCUSSION

A. Electrical characteristics

Figure 3 shows the I -V characteristic of the fabricated
p-i-n diodes. The ideality factor and series resistance for
sample A are found to be in the range of n = 1.5–2 and
Rs = 12 �. The extracted threshold voltage, Vth is 1.2 V
as expected for GaAs-based diodes. In comparison to the
planar structure (sample A), NR diodes (samples B and C)
show an ideality factor of n = 2 and Rs = 32–41 �. The
difference in Rs can be related to additional resistive parts
such as the NR trench region, the GaAs/Si interface, and
the highly doped Si region, which are absent for sample A.

The leakage current, extracted at a fixed reverse bias of
−1 V, shows a higher dark current for samples B and C
than for sample A. To extract the individual contribution of
the leakage mechanisms, I -V measurements are performed
at different temperatures. The planar GaAs diode (sample
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FIG. 3. I -V characteristic for GaAs p-i-n diodes. The inset
shows Arrhenius plot for NR diodes at different reverse voltages.

A) has Eact ∼ Eg/2, which corresponds to a Shockley-
Read-Hall- (SRH) based generation-recombination com-
ponent. The activation energy of the NR diodes (inset
in Fig. 3) is in the range 0.1 eV < Eact < Eg/2, indi-
cating the presence of another leakage mechanism like
band-to-band tunneling (BTBT) or trap-assisted tunneling
(TAT) [48,49].

Defects, such as threading dislocations (TD), are well-
known contributors to the leakage current of a diode. In
the ART and NRE crystal-growth methods, the TDD can
be controlled by the optimization of the width and height
of the trenches in the STI oxide. To estimate the TDs in our
samples, we perform their characterization by the electron-
channeling contrast imaging (ECCI) and TEM methods.
No threading dislocations can be found within the field of
view of ECCI (scan area). The extracted threading dislo-
cation density is in the range of 105–106 cm−2 [28] for
GaAs NR diodes. This is to be compared with 5 × 103–5 ×
104 cm−2 TDD, observed for GaAs diodes fabricated on
the native substrate. This indicates that nanoridge engi-
neering is an effective tool in suppressing the TDD and
consequently reducing dark current for III-V diodes grown
directly on Si. Nevertheless, it should be noted that an
impact of the NR edges requires further investigation.

Such TDD determines the effective trap density, which
can be derived as [50,51]

NT = fmax × TDD × α, (7)

where TDD is the measured (from ECCI) value of thread-
ing dislocation density (cm−2), α is the line density of the
traps at one dislocation (cm−1), fmax is the maximum filling
factor, and NT is an effective trap density (cm−3). There-
fore, NT is 1011–1012 cm−3 of threading dislocation for
samples B and C, which is smaller than the extracted effec-
tive trap density of point defects. In addition, considering
a TD occupation probability in the range of 0.03–0.2 [52]
and DLTS sensitivity level limited to 10−5 × ND [47], the
lowest TDD that is detectable by DLTS, lies in the range of
3.5 × 105–2 × 106 cm−2 [53]. Therefore, TDD for all pre-
sented GaAs p-i-n diodes is below the detection level of
DLTS. Based on the above discussion, we assume that the
threading dislocations do not contribute significantly to the
leakage current of the p-i-n diodes presented in this work.

In general, the total leakage current can be expressed as
a sum of the bulk and surface components, Itot = Ibulk +
Isurf. In the next sections, we utilize the DLTS-based char-
acterization technique to extract the corresponding densi-
ties of the bulk and surface defects in order to understand
the difference in the leakage current observed in different
samples shown in Fig. 3.

B. Bulk traps

Using the double-DLTS (DDLTS) [54] spectrum, dif-
ferent types of bulk defects can be differentiated by the
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impact of variation of pulse bias (VP) on the position of
the peak temperature and the shape of variation of transient
capacitance (�C) [55,56].

Figure 4 shows the DDLTS signal for GaAs p-i-n
diodes, where the negative peak corresponds to the major-
ity carrier electron traps and the positive peak correlates
with the minority carrier hole traps. The detected bulk traps
are present as deep levels in the intrinsic region of the p-i-n
diodes. The nanoridge diode with in situ passivation (sam-
ple B) shows a narrow peak E1 around 350 K and a broad
H1 peak at 180 K.

The capture kinetics measurements [inset in Fig. 4(a)]
show a typical exponential behavior with respect to the fill-
ing pulse time for both E1 and H1 peaks in comparison to
the logarithmic dependency for an extended defect. Addi-
tionally, the emission rate at 350 K (E1 peak) is constant
regardless of the pulse bias VP. As a result, the peak tem-
perature and the shape of the signal do not change. This
behavior is the characteristic of point defects, E1 peak.
Moreover, the temperature position of the peak is differ-
ent from the electron trap (localized ED1), associated with
extend defects (TD), shown at 280 K by Gelczuk [57] and
Wosinski [58]. Therefore, the E1 peak in this work is a
point defect called EL2. Such point defects are observed
for samples A and B. It is one of the most widely inves-
tigated native deep-level defects in the bulk of epitaxially
GaAs grown by different techniques [59,60]. The impor-
tance of this defect results from the fact that EL2 controls
the electrical and optical properties of GaAs [61,62]. Orig-
inally, the family of EL2 traps is attributed to a complex of
As antisite and an As interstitial, which has been studied
extensively in the past [59,60,63,64].

Regarding the broad H1 peak in Fig. 4(a), the capture
kinetics measurement does not show the clear logarithmic
dependency and the emission rate at 180 K is not con-
stant with respect to VP. Therefore, the H1 peak can not
be associated with either a point or an extended defect.
Additionally, the temperature position of the peak is dif-
ferent from the hole trap (HD3), which is shown in a
range of 250–280 K, which is representative of an extended
defect [65]. Based on these observations, we assume that
the H1 peak can be associated with the DOS on the surface
and is discussed in detail in the next section.

Table II shows a comparison of the bulk defects, located
at T ∼ 300–400 K, concentration and levels extracted
using Eq. (1). Sample A shows the lowest point-defect
density NT = 1.2 × 1013 cm−3, lower than that obtained
for NR-based diodes. Among NR-based diodes, sample C,
which is fabricated using an oxide template [25], shows
a higher concentration of point defect compared with
sample B.

Additionally, another peak, corresponding with EL3,
located nearby 300 K, is detected for samples B and C
with ex situ passivation and can be associated with oxygen
incorporation [66] in GaAs.

In
 [e

n
/T

2 ]
 (

s–1
 K

–2
)

0.8 ± 0.03 eV

0.53 ± 0.03 eV

0.75 ± 0.02 eV

(a)

(b)

(c)

1/kT (eV–1)

FIG. 4. (a) Double-DLTS spectrum for sample B with in situ
passivation at reverse bias VR = −1 V, the lock-in window tw =
51.2 ms, pulse amplitude between VP = 0.8–1.4 V, and pulse
duration tp = 1 ms. The lower inset shows dependence of the
DLTS-peak shape of the E1 and H1 traps on the filling pulse time
at 350 K for E1 and 180 K for H1. (b) DLTS spectrum for sam-
ple A at VR = −1 V, tw = 100 ms, VP = 1.4 V, and tp = 1 ms
and sample C at VR = 0 V, tw = 80 ms, VP = 1 V, tp = 1 ms. (c)
Arrhenius plot corresponding to EL2 and EL3 for GaAs diodes.

Defect structures and energy levels dedicated to
substitutional OAs have also been shown by theoretical
studies [63,66], which are associated with two donor levels
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TABLE II. Summary of bulk-defectivity levels for GaAs p-i-n
diodes.

NT, cm−3 (EC − ET), eV Type

Sample A 1.2 ± 0.2 × 1013 0.8 ± 0.03 EL2
Sample B with

in situ
2.8 ± 0.5 × 1014 0.75 ± 0.02 EL2

Sample B 5.8 ± 0.5 × 1014 0.52 ± 0.02 EL3
Sample C with

ex situ
7.2 ± 0.4 × 1014 0.53 ± 0.03 EL3

at 0.57 eV (EA) and 0.14 eV (EB) below the conduction
band [67]. In detail, the electron occupation is described as

dnEL2

dT
= 1

a
(−AEL2 + BEL2) , (8)

where a = dT/dt is a constant heating rate, and A, B cor-
respond to the transition rates of two-electron states. It
has been suggested that during the excitation process all
states of the OAs are occupied, but after the excitation
the free carriers recombine at the ionized EL2+ centers,
and the other part of the excited carriers are captured in
both energy levels EA,B of OAs. Samples B and C show
an unidentified EL3 defect level, corresponding to the
EC − 0.57 eV two-electron level of OAs. As shown in
Table II, samples B and C have a more than 20× higher
point-defect density as compared to sample A.

The higher oxygen incorporation into the GaAs NRs and
the increased point-defect densities of samples B and C in
comparison to the planar diode can be related to the selec-
tive area growth of the NRs on top of an oxide pattern.
In addition, the III-V material is in contact with SiO2 side
walls. The larger III-V/SiO2 contact area of sample C ver-
sus sample B during growth can also explain the higher
bulk-defect density in Table II. Further epitaxial growth
experiments are needed to explore the origin of the higher
bulk-defect density, also considering a possible impact of
the NR ends on the electrical response.

Leakage current strongly depends on the energy level
(EC − ET) and concentration, NT of the point defects [52].
In order to estimate the impact of these parameters on Ibulk,
SRH GR model is used. The leakage current due to bulk
defects, with energy level ET in the band gap, is given
by [52]

Idef = qni(x, T)σn,pνn,p

exp
( |ET(x) − Ei(x)|

kBT

)NT, (9)

where νn,p is the thermal velocity for electrons (n) and
holes (p), respectively, σn,p is (minority carrier) capture
cross section (in cm−2), Ei is the intrinsic energy level,
and ni is the intrinsic carrier concentration. The leakage
current for GaAs p-i-n diodes calculated using ET and NT,

FIG. 5. Comparison of the leakage current due to bulk defects
calculated using Eq. (9) with measured current extracted at −1 V.

extracted from DLTS, is shown in Fig. 5. The difference
between the measured and calculated currents shows that
an additional leakage mechanism exists, for example, cur-
rent through surface states, which also contributes to the
leakage.

C. Surface-state density

Several authors have reported the trap level with acti-
vation energy around Eg/2 for n-GaAs MOS structures
to be related to Fermi-level pinning at the GaAs/oxide
interface [68–70]. This indicates the presence of dangling
bonds at the GaAs surface. The mesa side wall of the GaAs
p-i-n diode also represents such a surface. As these den-
sity of states can act as strong generation-recombination
centers, they play an important role in the dark current and
ideality factor of p-i-n diodes.

In contrast to the point defects, the DLTS spectrum of
DOS shows a broader peak and corresponding temperature
peak shifts with VP variation as discussed in Sec. II B.

Figure 6 shows the DLTS spectrum of the reference pla-
nar diode (sample A) and NR-based diode (sample B).
In all spectra, the low-temperature signals appear around
180–200 K. From the shift in the peak, the change of
the pulse voltage VP, and the spatial localization at the
interface, it is confirmed that the H1 peak belongs to sur-
face states with ET − EV = 0.4 ± 0.03 eV trap level with
small capture cross section σe ∼ 1 × 10−20 cm2. The sim-
ilar level is detected for sample B with and without in situ
passivation, as shown in Fig. 6(b). The defect level thus
obtained can be attributed to the dangling bonds created
by Ga vacancies on the surface or additional impurities.

Using Eq. (6), the surface-state concentration and
level for GaAs p-i-n diodes are calculated in Table III.
The same H1 peak as observed for sample A, at
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(a)

(b)

FIG. 6. Double-DLTS spectrum obtained with reverse bias
VR = −0.5 V in (a) and −1 V in (b), the lock-in window tw =
51.2 ms and pulse duration tp = 1 ms for sample A (a) and
sample B (b).

ET − EV = 0.41 ± 0.02 eV and ET − EV = 0.58 ± 0.03 eV
is detected for samples B and C, respectively. Based on
the gate capacitance and transconductance measurements
by Ozeki [71], the activation energy for n-GaAs/SiOx
has been reported around 0.62 eV, for n-GaAs/SiNx is

TABLE III. Summary of defectivity levels and concentration
of NSS for GaAs p-i-n diodes.

NSS, cm−2 (ET − EV), eV

Sample A 6.5 × 1012 0.4 ± 0.03
Sample B 2.3 × 1013 0.41 ± 0.02
Sample B with in situ 1.6 × 1013 0.5 ± 0.05
Sample C 1.2 × 1014 1.1 ± 0.04
Sample C with ex situ 2 × 1013 0.58 ± 0.03

0.44 eV and for n-GaAs/AlNx is around 0.27eV. A the-
oretical model proposed by Jin [72] shows an explanation
for Eact = 0.4–0.65 eV through the “band tail” concept and
the steady-state surface potential distribution. In addition,
sample C without any passivation, shows another defect
level at ET − EV = 1.1 ± 0.04 eV, which can be associated
with Ga dangling bonds [68,73].

The surface-state density can also be extracted by using
the perimeter component of total dark current, which is
given by

Jtot = Jbulk + P/A × Jper, (10)

where P/A is the perimeter to area ratio of p-i-n diode,
where P = 2πRjunc, A = πR2

junc for sample A, and Rjunc
varies from 37.5–150 μm. Regarding the nanoridge
diodes, P = 2 × (Wn− + LNR) and A = Wn− × LNR. Based
on TEM results, width of low-doped n layer, Wn− , is
around 0.6 μm and length of the nanoridge, LNR, is
100 μm. The impact of surface states on Jper can be

(a)

(b)

FIG. 7. Estimated DOS for GaAs p-i-n diodes (a) and leakage
current dependency at 348 K for sample A at reverse bias −1 V.
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expressed by [74]

Jper = qniσnνnNSSLs exp
(

eV
2kBT

)
, (11)

where Ls = f (E, T) is the surface diffusion length.
Equation (11) requires extraction of Jper from the total dark
current. As P/A ratio is fixed for samples B and C, this
method can not be applied to NR diodes. Therefore, the
NSS extraction using Jper is done for sample A with dif-
ferent passivation layers shown in Fig. 7(a). The value
of NSS extracted using Eqs. (6) and (11) are found to be
similar, further confirming the adequacy of the proposed
methodology in Eq. (6).

Adding an InxGa1−xP passivation layer to samples B
and C leads to a decrease in NSS to 1.6–2 × 1013 cm−2

in comparison to NR diodes without passivation NSS ∼
1014 cm−2. It is clear from Table III and Fig. 7(a) that both
in situ and ex situ passivation can help in reducing surface
states and, as a result, improve the device performance. A
pronounced reduction in carrier recombination at the sur-
face by adding an InxGa1−xP passivation layer around a
NR is also observed in time-resolved photoluminescence
measurements [75].

Various surface treatments and/or passivation tech-
niques such as sulfur treatment [76], SiNx [77], HfOx [78,
79], ALD AlOx [30], and LaON [80] are investigated
in order to reduce the surface-state concentration and
Fermi-level pinning at the surface for GaAs.

In order to check the efficiency of some of the above-
mentioned passivation techniques, several ex situ pas-
sivation layers are studied in this work on sample A.
Figure 7(b) shows the impact of passivation on leak-
age current at bias voltage −1 V measured at 348 K.

FIG. 8. Impact of NSS and TDD on dark current for GaAs p-i-n
diodes, extracted at −1 V.

As the leakage current for some samples is below the
noise level of the measurement tool, I -V measurements
are performed at higher temperatures. In general, all pas-
sivation layers seems to improve the dark current of the
GaAs p-i-n diode. AlOx, in particular, shows a significant
positive impact on leakage current. The NSS concentra-
tion extracted from I -V measurements confirms the above
observation.

Figure 8 depicts the impact of surface states and TD den-
sity on the dark current measured in GaAs p-i-n diodes in
this work. In general, a 10× reduction in NSS leads to simi-
lar change in the dark current for the same TDD. Moreover,
the above trend remains the same at different TDD. This
also further signifies that for very low TDD, the surface
states start to play a dominant role in the leakage current
of GaAs p-i-n diodes. Based on leakage current and NSS
correlation, further research and development of side-wall
passivation are necessary for NR technology.

IV. CONCLUSION

The electrical characterization of GaAs nanoridge p-
i-n diodes, based on the recent technology of III-V on
300-mm Si, is reported. A methodology is developed, in
order to analyse the defects present in the diode structures
and it is used to extract the surface-state density and bulk
traps from the DLTS spectrum. The defects, thus investi-
gated, are used to establish their correlation with the device
performance.

The NR material exhibits point defects introduced dur-
ing the epitaxial growth (EL2, EL3) whose trap con-
centration and nature depend on the presence of oxygen
indicating its dependence on the selective area growth of
NR diodes on Si. Trap energy level and concentration of
point defects have strong exponential and linear depen-
dence on Jbulk, respectively, however this is not a dominant
mechanism of the leakage for the presented p-i-n GaAs
diodes. The difference between experimental and calcu-
lated dark current can be due to other mechanisms such
as TAT and/or surface states.

Furthermore, the impact of surface passivation on NSS
and hence, on the leakage current is studied. It is found that
passivation, in general, and AlOx, in particular, provides a
significant reduction of dark current, more than 2 orders
of magnitude, for the GaAs p-i-n diode. In addition, an
approximately linear correlation is observed between NSS
and dark current for the same TDD.

The defect analysis and methodology, presented in this
work, are helpful in the development of more efficient and
cost-effective III-V p-i-n diodes for future applications.
This work demonstrates that through efficient bulk and sur-
face engineering, III-V nanoridge devices monolithically
integrated on Si substrates can perform as well as their
planar counterparts.

024093-9



O. SYSHCHYK et al. PHYS. REV. APPLIED 14, 024093 (2020)

ACKNOWLEDGMENTS

We thank Han Han from MCASA group (IMEC) for his
ECCI expertise.

[1] D. Nirmal and J. Ajayan, III-V High Electron Mobility
Transistor Technology (CRC Press, Boca Raton, FL, 2019).

[2] Y. Wang, K. H. Lee, W. K. Loke, S. B. Chiah, X. Zhou,
S. F. Yoon, C. S. Tan, and E. Fitzgerald, In0.49Ga0.51P/GaAs
heterojunction bipolar transistors HBTs on 200 mm Si sub-
strates: Effects of base thickness, base and sub-collector
doping concentrations, AIP Adv. 8, 115132 (2018).

[3] C. McDonald, G. Moody, S. W. Nam, R. P. Mirin,
J. M. Shainline, A. McCaughan, S. Buckley, and K. L. Sil-
verman, III-V photonic integrated circuit with waveguide
coupled light-emitting diodes and WSi superconducting
single-photon detectors, J. Appl. Phys. 115, 081105 (2019).

[4] A. Aho, J. Viheriala, H. Virtanen, N. Zia, R. Isoaho, and
M. Guina, High power GaInNAs superluminescent diodes
emitting over 400 mw in the 1.2 μm wavelength range,
J. Appl. Phys. 115, 081104 (2019).

[5] H. Kim, T. Y. Chang, W. J. Lee, and D. L. Huffaker, III-V
nanowire array telecom lasers on (001) silicon-on-insulator
photonic platforms, Appl. Phys. Lett. 115, 213101 (2019).

[6] Y. Han, Z. Yan, W. K. Ng, Y. Xue, K. S. Wong, and
K. M. Lau, Bufferless 1.5 μm III-V lasers grown on Si-
photonics 220 nm silicon-on-insulator platforms, Optica 7,
148 (2020).

[7] A. C. Farrell, P. Senanayake, X. Meng, N. Y. Hsieh, and
D. L. Huffaker, Diode characteristics approaching bulk lim-
its in GaAs nanowire array photodetectors, Nano Lett. 17,
2420 (2017).

[8] J. J. S. Huang, Y. H. Jan, H. S. Chang, C. J. Ni, E. Chou,
S. K. Lee, H. S. Chen, and J. W. Shi, Two-dimensional
Materials for Photodetector, Nanoscale III-V Semiconduc-
tor Photodetectors for High-Speed Optical Communica-
tions (IntechOpen, London, UK, 2018).

[9] G. Mariani, A. C. Scofield, C. H. Hung, and D. L. Huffaker,
GaAs nanopillar-array solar cells employing in situ surface
passivation, Nat. Commun. 4, 1497 (2013).

[10] Y. Zhang and H. Liu, Nanowires for high-efficiency, low-
cost solar photovoltaics, MDPI Cryst. 9, 87 (2019).

[11] Q. Li and K. M. Lau, Epitaxial growth of highly mis-
matched III/V materials on (001) silicon for electronics and
optoelectronics, Prog. Cryst. Grow. Charact. Mater. 63, 105
(2017).

[12] B. Kunert and K. Volz, Metalorganic Vapor Phase Epitaxy
(MOVPE): Growth, Materials Properties, and Applica-
tions, Monolithic III-V integration on (001) Si substrate
(Wiley On. Lib., West Sussex, UK, 2019).

[13] K. Tanabe, K. Watanabe, and Y. Arakawa, III-V/Si hybrid
photonic devices by direct fusion, Sci. Rep. 2, 349 (2012).

[14] J. Hofrichter, L. Czornomaz, F. Horst, M. Seifried,
D. Caimi, N. Meier, J. Fompeyrine, and B. Offrein, A mode-
engineered hybrid III-V-on-silicon photodetector (IEEE,
Valencia, Spain, 2015).

[15] N. J. Quitoriano and E. A. Fitzgerald, Relaxed, high-quality
InP on GaAs by using InGaAs and InGaP graded buffers to
avoid phase separation, J. Appl. Phys. 102, 033511 (2007).

[16] S. Chen, W. Li, J. Wu, Q. Jiang, M. Tang, S. Shutts, S. N.
Elliott, A. Sobiesierski, A. J. Seeds, I. Ross et al. Electri-
cally pumped continuous-wave III-V quantum dot lasers on
silicon, Nat. Photonics 10, 307 (2016).

[17] S. Sekine, K. Takada, H. Suzuki, K. Kodama, S. Moriya,
and M. Kubota, in Proceedings of IEEE Custom Integrated
Circuits Conference – CICC ’94, 4916236 (IEEE, San
Diego, CA, USA, 1994).

[18] P. Duan, A Novel 3D Stacking Approach for Chip-To-
Chip Interconnects (Eindhoven Univeristy of Technology,
Eindhoven, Netherlands, 2014).

[19] J. Mitard, L. Witters, R. Loo, S. H. Lee, J. W. Sun, J. Franco,
L. A. Ragnarsson, A. Brand, X. Lu, N. Yoshida et al., in
2014 Symposium on VLSI Technology (VLSI-Technology):
Digest of Technical Papers (IEEE, Honolulu, HI, 2014).

[20] J. G. Fiorenza, J. S. Park, J. Hydrick, J. Li, M. Curtin,
M. Carroll, and A. Lochtefeld, Aspect ratio trapping:
A unique technology for integrating Ge and III-V with
silicon CMOS, ECS Trans. 33, 963 (2010).

[21] B. Kunert, Y. Mols, M. Baryshniskova, N. Waldron,
A. Schulze, and R. Langer, How to control defect formation
in monolithic III/V hetero-epitaxy on (100) Si? A critical
review on current approaches, Semicond. Sci. Techn. 33,
093002 (2018).

[22] J. Li, J. Bai, J.-S. Park, B. Adekore, K. Fox, M. Car-
roll, A. Lochtefeld, and Z. Shellenbarger, Defect reduction
of GaAs epitaxy on Si(001) using selective aspect ratio
trapping, Appl. Phys. Lett. 91, 021114 (2007).

[23] H. Schmid, M. Borg, K. Moselund, L. Gignac, C. M. Bres-
lin, J. Bruley, D. Cutaia, and H. Riel, Template-assisted
selective epitaxy of III-V nanoscale devices for co-planar
heterogeneous integration with Si, Appl. Phys. Lett. 106,
233101 (2015).

[24] Y. Shi, Z. Wang, J. Campenhout, M. Pantouvaki, W.
Guo, B. Kunert, and D. Van Thourhout, Optical pumped
InGaAs/GaAs nano-ridge laser epitaxially grown on a stan-
dard 300-mm Si wafer, Optica 4, 1468 (2017).

[25] A. Vais, L. Witters, Y. Mols, A. S. Hernandez, A. Walke,
H. Yu, M. Baryshnikova, G. Mannaert, V. Deshpande,
and R. Alcotte et al., in IEEE International Electron
Devices Meeting (IEDM) (IEEE, San Francisco, CA, USA,
2019).

[26] B. Kunert, W. Guo, Y. Mols, R. Langer, and K. Barla, Inte-
gration of III-V hetero-structures by selective area growth
on Si for nano- and optoelectronics, ECS Trans. 75, 409
(2016).

[27] B. Kunert, W. Guo, Y. Mols, B. Tian, Z. Wang, Y. Shi,
D. Van Thourhout, M. Pantouvaki, J. Van Campenhout,
R. Langeret al. , III/V nano ridge structures for optical
applications on patterned 300 mm silicon substrate, Appl.
Phys. Lett. 109, 091101 (2016).

[28] M. Baryshnikova, Y. Mols, Y. Ishii, R. Alcotte, H. Han,
T. Hantschel, O. Richard, M. Pantouvaki, J. Van Campen-
hout, D. Van Thourhout et al., Nano-ridge engineering of
GaSb for the integration of InAs/GaSb heterostructures on
300 mm (001) Si, Crystals 10, 330 (2020).

[29] D. Shahrjerdi, D. I. Garcia-Gutierrez, T. Akyol, S. R. Bank,
E. Tutuc, J. C. Lee, and S. K. Banerjee, GaAs metal-oxide-
semiconductor capacitors using atomic layer deposition
of HfO2 gate dielectric: Fabrication and characterization,
Appl. Phys. Lett. 91, 193503 (2007).

024093-10

https://doi.org/10.1063/1.5058717
https://doi.org/10.1063/1.5126721
https://doi.org/10.1364/OPTICA.381745
https://doi.org/10.1021/acs.nanolett.7b00024
https://doi.org/10.1038/ncomms2509
https://doi.org/10.1016/j.pcrysgrow.2017.10.001
https://doi.org/10.1038/srep00349
https://doi.org/10.1063/1.2764204
https://doi.org/10.1038/nphoton.2016.21
https://doi.org/10.1149/1.3487628
https://doi.org/10.1088/1361-6641/aad655
https://doi.org/10.1063/1.2756165
https://doi.org/10.1063/1.4921962
https://doi.org/10.1364/OPTICA.4.001468
https://doi.org/10.1149/07508.0409ecst
https://doi.org/10.1063/1.4961936
https://doi.org/10.3390/cryst10040330
https://doi.org/10.1063/1.2806190


DEEP-LEVEL TRANSIENT SPECTROSCOPY OF GaAs... PHYS. REV. APPLIED 14, 024093 (2020)

[30] S. Jiang, M. Liu, L. Zhu, S. Liang, W. Li, Z. Sun, and M.
Tian, Interface modulation and optimization of electrical
properties of HfGdO/GaAs gate stacks by ALD-derived
Al2O3 passivation layer and forming gas annealing, Adv.
Electr. Mater. 4, 1700543 (2018).

[31] J. Gao, G. He, S. Liang, D. Wang, and B. Yang, Compar-
ative study on in situ surface cleaning effect of intrinsic
oxide-covering GaAs surface using TMA precursor and
Al2O3 buffer layer for HfGdO gate dielectrics, J. Mater.
Chem. C 6, 2546 (2018).

[32] C. Liu, Y. M. Zhang, Y. M. Zhang, and H. L. Lu, Interfacial
characteristics of Al/Al2O3/ZnO/n-GaAs MOS capacitor,
Chin. Phys. B 22, 076701 (2013).

[33] Y. Shi, B. Kunert, Y. De Koninck, M. Pantouvaki, J. Camp-
enhout, and D. Van Thourhout, Novel adiabatic coupler for
III-V nano-ridge laser grown on a Si photonics platform,
Opt. Express 27, 37781 (2019).

[34] E. Simoen, G. Brammertz, J. Penauda, C. Merckling, H.
C. Lin, W. E. Wang, and M. Meuris, A DLTS study
of Pt/Al2O3/InxGa1−xAs capacitors, ECS Trans. 25, 151
(2009).

[35] J. Stannard, Transient capacitance in GaAs and InP MOS
capacitors, J. Vac. Sci. Technol. 15, 1508 (1978).

[36] H. Hasegawa and T. Sawada, On the electrical properties
of compound semiconductor interfaces in metal/insulator/
semiconductor structures and the possible origin of inter-
face states, Thin Solid Films 103, 119 (1983).

[37] E. Kamieniecki, T. E. Kazior, J. Lagowski, and H. C. Gatos,
Study of GaAs-oxide interface by transient capacitance
spectroscopy: Discrete energy interface states, J. Vac. Sci.
Technol. 17, 1041 (1980).

[38] A. Polyakov, N. B. Smirnov, I. V. Shchemerov, I. H. Lee,
T. Jang, A. A. Dorofeev, N. B. Gladysheva, E. S. Kon-
dratyev, Y. A. Turusova, R. A. Zinovyevet al. , Current
relaxation analysis in AlGaN/GaN high electron mobility
transistors, J. Vac. Sci. Technol. B 35, 011207 (2017).

[39] C. Wang, E. Simoen, A. Alireza, S. Sioncke, N. Collaert,
C. Claeys, and W. Li, in China Semiconductor Technology
International conference (CSTIC) (IEEE, New York, NY,
USA, 2017).

[40] P. Ferrandis, M. Billaud, J. Duvernay, M. Martin,
A. Arnoult, H. Grampeix, M. Casse, H. Boutry, T. Baron,
M. Vinet et al., Electrical properties of metal/Al2O3/In0.53
Ga0.47As capacitors grown on InP, J. Appl. Phys. 123,
161534 (2018).

[41] L. Gelczuk, M. Dabrowska-Szata, and G. Jozwiak, Distin-
guishing and identification of point and extended defects in
DLTS measurements, Mater. Sci. 23, 625 (2005).

[42] Y. Zohta and M. Watanabe, On the determination of the
spatial distribution of deep centers in semiconducting thin
films from capacitance transient spectroscopy, J. Appl.
Phys. 53, 1809 (1982).

[43] P. C. Hsu, E. Simoen, C. Merckling, G. Eneman, Y. Mols,
A. Alian, R. Langer, N. Collaert, and M. Heyns, Ban-
dlike and localized states of extended defects in n-type
In0.53Ga0.47As, J. Appl. Phys. 124, 165707 (2018).

[44] E. Simoen, J. Lauwaert, and H. Vrielinck, Analytical tech-
niques for electrically active defect detection, Semiconduct.
Semimet. 91, 205 (2015).

[45] E. Simoen, V. Ferro, and B. O’Sullivan, Deep-level
transient spectroscopy of Al/a-Si:H/c-Si structures for

heterojunction solar cell applications, J. Appl. Phys. 116,
234501 (2014).

[46] C. Henry, R. A. Logan, and F. Merritt, The effect of surface
recombination on current in AlxGa1−xAs heterojunctions,
J. Appl. Phys. 49, 3530 (1978).

[47] D. Lang, Deep-level transient spectroscopy: A new method
to characterize traps in semiconductors, J. Appl. Phys. 45,
3023 (1974).

[48] Q. Smets, D. Verreck, A. S. Verhulst, R. Rooyackers,
C. Merckling, M. Van De Put, E. Simoen, W. Vander-
vorst, N. Collaert, V. Y. Theanet al. , InGaAs tunnel diodes
for the calibration of semi-classical and quantum mechan-
ical band-to-band models, J. Appl. Phys. 115, 184503
(2014).

[49] C. Reynolds and A. Patel, Tunneling entity in different
injection regimes of InGaN light emitting diodes, J. Appl.
Phys. 103, 086102 (2008).

[50] V. Shikin and Y. Shikina, Charged dislocations in semicon-
ductor crystals, Phys. Usp. 38, 845 (1995).

[51] W. Schroter, Recombination of charge carriers at disloca-
tions in germanium, Phys. Status Solidi A 19, 159 (1973).

[52] C. Claeys and E. Simoen, Extended Defects in Germanium
(Springer, Berlin, Heidelberg, 2009).

[53] S. Gupta, E. Simoen, R. Loo, Y. Shimura, C. Porret, F. Gen-
carelli, K. Paredis, H. Bender, J. Lauwaert, H. Vrielinck
et al., Electrical properties of extended defects in strain
relaxed GeSn, Appl. Phys. Lett. 113, 022102 (2018).

[54] P. C. Hsu, E. Simoen, G. Eneman, C. Merckling, A. Alian,
R. Langer, N. Collaert, and M. Heyns, Trap-assisted tun-
nelling and shockley-read-hall lifetime of extended defects
in In0.53Ga0.47As p + n junction, J. Phys.: Conf. Ser. 1190,
012014 (2019).

[55] K. Yamasaki, M. Yoshida, and T. Sugano, Deep level tran-
sient spectroscopy of bulk traps and interface states in Si
MOS diodes, Jpn. J. Appl. Phys. 18, 113 (1979).

[56] T. Lv and L. Zhao, The Si nanocrystal trap center studied by
deep level transient spectroscopy (DLTS), Nanomaterials
2014, 748487 (2014).

[57] L. Gelczuk, M. Dabrowska-Szata, G. Jozwiak, and
D. Radziewicz, Electronic states at misfit dislocations in
partially relaxed InGaAs/GaAs heterostructures, Physica B
388, 195 (2007).

[58] T. Wosinski and T. Figielski, Energy levels and electrical
activity of dislocation electron states in GaAs, Act. Phys.
Pol. A 83, 51 (1993).

[59] Y. Mochizuki and T. Ikoma, EL2 family in LEC and HB
GaAs, Revue Phys. Appl. 23, 747 (1988).

[60] A. Mitonneau, G. M. Martin, and A. Mircea, Hole traps in
bulk and epitaxial GaAs crystals, Electron. Lett. 13, 666
(1977).

[61] D. Seghier and H. P. Gislason, Effects of Cu Diffusion on
Electrical Properties of GaAs (IEEE, Berkeley, CA, USA,
1999).

[62] P. Amirtharaj and D. Seiler, Optical Properties of Semicon-
ductors (McGraw Hill, New York, NY, 2009).

[63] G. Kuhnel, Negative signals of photoinduced current tran-
sient and thermally stimulated current spectroscopy in
GaAs due to negative-u properties of oxygen, J. Appl. Phys.
104, 063713 (2008).

[64] J. Boucher and S. Boettcher, Arsenic antisite and oxygen
incorporation trends in GaAs grown by water-mediated

024093-11

https://doi.org/10.1002/aelm.201700543
https://doi.org/10.1088/1674-1056/22/7/076701
https://doi.org/10.1364/OE.27.037781
https://doi.org/10.1149/1.3204402
https://doi.org/10.1116/1.569775
https://doi.org/10.1016/0040-6090(83)90430-3
https://doi.org/10.1116/1.570587
https://doi.org/10.1116/1.4973973
https://doi.org/10.1063/1.5007920
https://doi.org/10.1063/1.330683
https://doi.org/10.1063/1.5046827
https://doi.org/10.1063/1.4904082
https://doi.org/10.1063/1.325265
https://doi.org/10.1063/1.1663719
https://doi.org/10.1063/1.4875535
https://doi.org/10.1063/1.2906326
https://doi.org/10.1070/PU1995v038n08ABEH000099
https://doi.org/10.1002/pssa.2210190113
https://doi.org/10.1063/1.5034573
https://doi.org/10.1088/1742-6596/1190/1/012014
https://doi.org/10.1143/JJAP.18.113
https://doi.org/10.1016/j.physb.2006.05.426
https://doi.org/10.1051/rphysap:01988002305074700
https://doi.org/10.1049/el:19770473
https://doi.org/10.1063/1.2980279


O. SYSHCHYK et al. PHYS. REV. APPLIED 14, 024093 (2020)

close-spaced vapor transport, J. Appl. Phys. 121, 093102
(2017).

[65] O. Yastrubchak, T. Wosinski, A. Makosa, T. Figielski,
and A. L. Toth, Capture kinetics at deep-level defects in
lattice-mismatched GaAs-based heterostructures, Physica
B 308–310, 757 (2001).

[66] H. Alt, Experimental Evidence for a Negative-U Center in
GaAs Related to Oxygen, Phys. Rev. Lett. 65, 3421 (1990).

[67] U. Kaufmann, E. Klausmann, J. Schneider, and H. Ch. Alt,
Negative-U, off-center OAs in GaAs and its relation to the
EL3 level, Phys. Rev. B 43, 12106 (1990).

[68] G. Brammertz, H. C. Lin, K. Martens, A. Alian, C. Mer-
ckling, J. Penaud, D. Kohen, W.-E Wang, S. Sioncke,
and A. Delabieet al. , Electrical properties of III-V/oxide
interfaces, ECS Trans. 19, 375 (2009).

[69] W. Spicer, I. Lindau, P. Skeath, and C. Y. Su, Unified defect
model and beyond, J. Vac. Sci. Technol. 17, 1019 (1980).

[70] D. Colleoni, G. Miceli, and A. Pasquarello, Fermi-level pin-
ning through defects at GaAs/oxide interfaces: A density
functional study, Phys. Rev. B 92, 125304 (2015).

[71] M. Ozeki, K. Kodama, M. Takikawa, and A. Shibatomi,
Analysis of electrical and optical properties of insulat-
ing film-GaAs interfaces using MESFET-type structures,
J. Vac. Sci. Technol. 21, 438 (1982).

[72] G. Jin and B. Jones, The effect of traps at the free surface of
GaAs field effect transistors, J. Appl. Phys. 80, 6340 (1996).

[73] G. Brammertz, H. C. Lin, K. Martens, D. Mercier, S. Sion-
cke, A. Delabie, W. E. Wang, M. Caymax, M. Meuris,

and M. Heyns, Capacitance-voltage characterization of
GaAsAl2O3 interfaces, Appl. Phys. Lett. 93, 183504
(2008).

[74] A. Belghachi and S. Khelifi, Modelling of the perime-
ter recombination effect in GaAs-based micro-solar cell,
Sol. Ener. Mater. Sol. Cell. 90, 1 (2006).

[75] Y. Shi, L. C. Kreuzer, N. C. Gerhardt, M. Pantouvaki,
J. Campenhout, M. Baryshnikova, R. Langer, D. Van
Thourhout, and B. Kunertet, Time-resolved photolumines-
cence characterization of InGaAs/GaAs nanoridges mono-
lithically grown on 300 mm Si substrates, J. Appl. Phys.
127, 103104 (2020).

[76] T. Ohno, Sulfur passivation of GaAs surfaces, Phys. Rev. B
44, 6306 (1991).

[77] S. Y. Zhu, J. P. Xu, L. S. Wang, and Y. Huang, Improved
interface properties of an HfO2 gate dielectric GaAs MOS
device by using SiNx as an interfacial passivation layer,
Chin. Phys. B 22, 097301 (2013).

[78] Y. Xuan, H. C. Lin, and P. D. Ye, Simplified surface prepa-
ration for GaAs passivation using atomic layer-deposited
high-k dielectrics, IEEE Trans. Electron. Dev. 54, 1811
(2007).

[79] S. Oktyabrsky and P. Ye, Fundamentals of III-V Semicon-
ductor MOSFETs (Springer, Boston, MA, 2010).

[80] C. W. Liu, J. P. Xu, L. Liu, and H. H. Lu, High-k gate dielec-
tric GaAs MOS device with LaON as interlayer and NH3-
plasma surface pre-treatment, Chin. Phys. B 24, 127304
(2015).

024093-12

https://doi.org/10.1063/1.4977757
https://doi.org/10.1016/S0921-4526(01)00828-6
https://doi.org/10.1103/PhysRevLett.65.3421
https://doi.org/10.1103/PhysRevB.43.12106
https://doi.org/10.1149/1.3119560
https://doi.org/10.1116/1.570583
https://doi.org/10.1103/PhysRevB.92.125304
https://doi.org/10.1116/1.571673
https://doi.org/10.1063/1.363652
https://doi.org/10.1063/1.3005172
https://doi.org/10.1016/j.solmat.2005.01.009
https://doi.org/10.1063/1.5139636
https://doi.org/10.1103/PhysRevB.44.6306
https://doi.org/10.1088/1674-1056/22/9/097301
https://doi.org/10.1088/1674-1056/24/12/127304

	I. INTRODUCTION
	II. EXPERIMENTAL METHODS
	A. Sample fabrication
	B. Methodology to distinguish and estimate thedensity of bulk and surface defects

	III. RESULTS AND DISCUSSION
	A. Electrical characteristics
	B. Bulk traps
	C. Surface-state density

	IV. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


