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haracterization of interface and border traps in ALD Al2O3/GaN MOS  capacitors with two-step surface
retreatments on Ga-polar GaN
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a  b  s  t  r  a  c  t

Atomic  layer  deposited  (ALD)  Al2O3/Ga-polar  GaN(0001)  metal–oxide–semiconductor  (MOS)  capacitors
have  been  prepared  with  surface  pretreatments  including  ex-situ  wet  sulfide  passivation  and  in-situ  cyclic
trimethylaluminum  (TMA)/hydrogen  plasma  exposure.  Capacitance–voltage  characterization  showed
that the  two-step  surface  preparation  led to  reductions  in the  densities  of both  interface  traps  and  border
traps.  The  influence  of the  pretreatments  on interfacial  bonding  was investigated  by X-ray  photoelectron

spectroscopy  (XPS)  and  secondary  ion mass  spectrometry  (SIMS).  DFT  calculations  correlate  the  electronic
properties  with  the interfacial  bonding  from  the  two-step  surface  preparation.  The  results  are  consistent
with  the surface  preparations  influencing  the  nucleation  density  of  the  ALD  films  and,  therefore,  the
defect  density  of the  interface  and  neighboring  oxide.

©  2014  Elsevier  B.V.  All  rights  reserved.

sure was  20 mTorr, the Ar carrier gas flow was 20 sccm and the H2
flow was10 sccm. For all the H O dosing cycles, the set pressure
. Introduction

GaN-based materials are of particular interest for high power,
igh frequency and high temperature applications, and GaN-based
ETs have demonstrated dramatic increases in output power and
fficiency relative to FETs in other semiconductor materials [1]. GaN
evices typically employ Schottky gates and are fabricated as High
lectron Mobility Transistors (HEMTs). Relatively high gate leakage
urrent in HEMTs has stimulated significant research to develop

 GaN metal–oxide (insulator)–semiconductor gate structure in
 MOS-HEMT (MIS-HEMT) [2,3]. Metal–insulator–semiconductor
ransistors (MISFETs) have great potential for enhancement-mode
normally off) operation in power switching systems at MHz  fre-
uencies and in analog/digital circuits [4]. Al2O3 has been an
ttractive high-� dielectric candidate for GaN MOS/MIS devices due
o its high breakdown electric field and its favorable band align-

ent to GaN [5–8]. However, a-Al2O3/III–V stacks commonly have
igher defect densities than a-SiO2/Si stacks. Imperfection in the
xide-semiconductor interfacial bonding can lead to a high density
f states in the band gaps of either the semiconductor or insulator.
hese states serve as traps reducing the mobility of the carri-
rs and deteriorate electrostatic control by partially pinning the
ermi-levels in the semiconductor. The interfacial bonding can also
nfluence the formation of defects in the oxide immediately adja-
ent to the semiconductors; these near-interfacial defects are often
enoted as border traps [9,10]. For high-speed MOS/MIS structured
aN devices, an appropriate processing method is needed to have

ow defect binding between the ALD a-Al O and GaN to minimize
2 3
oth the interfacial trap states and the border traps in the near oxide
egion.

ttp://dx.doi.org/10.1016/j.apsusc.2014.09.028
169-4332/© 2014 Elsevier B.V. All rights reserved.
2. Device structure and preparation

Ga-polar GaN layers were grown by metal-organic vapor phase
epitaxy (MOVPE) on c-plane sapphire substrates. The MOS  struc-
ture utilized a 1 �m thick n-GaN layer with Si concentration of
1 × 1017/cm3 grown on a 1.5 �m n+ GaN layer doped with Si at
5 × 1018/cm3, a GaN buffer and sapphire substrate. All GaN samples
were first processed at 25 ◦C with (1) an organic clean consisting of
sequential dips in acetone, methanol, and isopropanol and a sub-
sequent 1 min  rinse in deionized H2O and nitrogen blow dry; (2) a
1 min  dip in 1:5 (by volume) 37% HCl:H2O for native oxide removal
and a subsequent 1 min  rinse in deionized H2O and nitrogen blow
dry; (3) a 1 min  dip in 1:2 20% NH4OH:H2O and a subsequent
1 min  rinse in deionized H2O and nitrogen blow dry. After step
(3), four samples were prepared with further pretreatments before
the Al2O3 atomic layer deposition, including pretreatment with
(NH4)2S solution, dosing with TMA, or cyclical exposure to TMA  and
hydrogen plasma (see Table 1). Details of the ALD in-situ pretreat-
ments and ALD growth conditions have been previously developed
and investigated on InGaAs surfaces [11,12] and GaN(0001) [8].
However, the pretreatments’ influence on interface and border trap
properties of Al2O3/GaN MOS  has not been studied in detail. For
all TMA  dosing, the set pressure was  200 mTorr and the Ar carrier
gas flow was 100 sccm. For all H2 plasma dosing, the set pressure
was 20 mTorr, the Ar carrier gas flow was  20 sccm, and the H2
flow was  10 sccm. For all the H2 stabilization steps, the set pres-
2
was 200 mTorr and the Ar carrier gas flow was 250 sccm. The sam-
ples were held at 300 ◦C for all in situ pretreatment and ALD steps.
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Table  1
Summary of pretreatments (a)–(d) used in this work.

Pretreatment Soak in sulfide solution TMA exposure Cyclic TMA  and H2 plasma exposure

(a) Yes
(b)  Yes Yes
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(c)  

(d)  Yes 

or pretreatment (a), the sample was immediately loaded into the
LD reactor (Oxford Instruments FlexAL ALD), and exposed to five
ycles of TMA  (in each cycle: TMA  pulse = 40 ms,  Ar purge = 5 s, and
2 gas = 10 s). The cycle details are the same as in Ref. [11]. For pre-

reatment (b), the sample was soaked in 1:3 23%(NH4)2S:deionized
2O for 30 min  at 50 ◦C; rinsed with H2O at 25 ◦C and blown dry
ith N2; immediately afterwards, the sample was loaded into the
LD reactor for the same TMA  exposure as in pretreatment (a).
or pretreatment (c), the sample was immediately loaded into ALD
ithout the wet sulfide step; the surfaces were in-situ cleaned with
ve cycles of TMA  and hydrogen plasma exposure (in each cycle:
0 mTorr H2 pulse with inductively coupled plasma power of 100 W
or 2 s, followed by 40 ms  of TMA, a second hydrogen plasma pulse,
ollowed by 2 s of Ar purge and 10 s of a H2 stabilization). The cycle
etails are the same as in Ref. [12]. The remote plasma was  turned
ff during the introduction of TMA  pulses so its only function was
o produce atomic hydrogen both before and after the TMA  doses.
or pretreatment (d) the sample received the same wet  sulfide

tep as in pretreatment (b); afterwards, the sample was immedi-
tely loaded in the ALD and subjected to the same cyclic TMA  and
ydrogen plasma clean as in pretreatment (c).

ig. 1. (a–d) C–V characteristics for 80 cycles Al2O3/n-GaN MOS capacitors with correspon
f  1 kHz, 5 kHz, 10 kHz, 50 kHz, 100 kHz, 500 kHz and 1 MHz.
Yes
Yes

The base pressure of the reactor was approximately 10−6 Torr;
the pressure was  held at 0.2 Torr during the ALD deposition of
Al2O3. During each cycle of Al2O3 growth, TMA  was pulsed for
500 ms  followed by a 7 s Ar purge, H2O was  pulsed for 500 ms  fol-
lowed by a 7 s Ar purge, the reactor was pumped down for 7 s,
followed with an Ar purge at 200 mTorr for 5 s. For C–V charac-
terization, samples with 80 such growth cycles were deposited
to form Al2O3 layers approximately 8 nm thick, while 8 growth
cycles were deposited to form ultra-thin oxide layers for XPS and
SIMS experiments. C–V sample fabrication and characterization
was done in two separate runs in order to monitor reproducibility,
with results summarized below. The XPS and SIMS results on ultra-
thin Al2O3/GaN were nearly identical on two sets of samples. For
MOS  capacitor fabrication, 50-nm-thick palladium gate electrodes
were electron-beam evaporated and patterned using a photo-resist
lift-off process. To make ohmic contacts, the Al2O3 on top of the
GaN was removed with 1:10 HF:H2O for 20 s within a photo-
resist patterned area. Then titanium and gold 20/100 nm films were

electron-beam evaporated onto the n-doped GaN surface, followed
by a lift-off procedure. The samples were not annealed in forming
gas.

ding surface pretreatments (a)–(d). Curves are shown for measurement frequencies
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Fig. 2. (a–d) 1 MHz C–V curves (solid lines) normalized by extrapolated accumula-
tion  capacitances at Vg = 3 V for each samples (a)–(d). The C–V curve of sample (d)
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Fig. 3. Top (a–d): Capacitance versus frequency for the four samples in the accu-
mulation region. The capacitance values are normalized at 1 kHz for each sample
(colored makers). Bottom (a–d): Conductance versus frequency for the four samples
in the accumulation region. The border trap modeling results for both capacitance
as  shifted by 0.4 V toward positive bias to match in the deep depletion. A trap-
ree 1 MHz C–V profile (dots) normalized by its capacitance at 3 V was plotted to
llustrate the distortions of experimental C–V curves.

. Measurements and discussion

The C–V curves of the MOS  capacitors were measured from
 kHz to1 MHz  using an Agilent B1500A Semiconductor Analyzer.
or 80 cycles of Al2O3 with surface pretreatments (a) to (d), and
he corresponding C–V curves are shown in Fig. 1. At negative gate
iases, the experimental C–V curves showed no sign of an inversion

ayer and little dispersion with frequency due to the small bulk
eneration-recombination and diffusion-induced inversion from
he GaN substrates. The steepness of C–V curves as well as the
requency dispersion in the depletion and accumulation regions
ignificantly varied with the surface preparations. In Fig. 2, the

 MHz  C–V curves (a)–(d) are compared to an ideal trap-free 1 MHz
–V profile (dots). The C–V curves were normalized by the extrap-
lated accumulation capacitance at Vg = 3 V in each case. While
n-situ pretreament has the greatest effect on C–V curves, with the
ddition of the wet sulfur pretreatment steps ((a) to (b) to (c) to
d)), the measured C–V curves demonstrated steeper transitions
etween depletion and accumulation, as well as reduced devia-
ions from the ideal C–V, as expected for a reduction in density of
nterface traps (Dit).

In Fig. 2, the C–V curve of sample (d) was shifted by 0.4 V
oward positive bias to match the other experimental curves in
eep depletion. It was observed that there were flat band voltage
hifts between the different sample runs, possibly due to non-
eproducibility in the gate metal deposition, which is typically tool
pecific. Variations of MOS  flat-band voltages were calculated by
easuring approximately 20 devices on each sample. The standard

eviations of the flat-band voltages were typically in the range
0–100 mV.  It was confirmed by remeasuring C–V curves at 1 kHz
fter the full set of measurements conducted, that there was  little
hift (“hysteresis”) induced during the measurement process; for
xample, hysteresis was less than 0.03 V for samples C and D.

The Terman method [13] was employed to estimate Dit, since
he conductance method is typically not capable of detecting reso-
ant responses of the interface defects for GaN MOS structures [6].
he estimated trap density at 0.5 eV below the conduction band

dge varied from (a) 2.8 × 1012, to (b) 2.0 × 1012, (c) 1.1 × 1012,
nd (d) 0.9 × 1012/eV/cm2 in the four samples, with doping set
t 1 × 1017/cm3. These values are comparable to or lower than
reviously reported near-band-edge Dit estimation on Al2O3/GaN
and conductance (solid lines) are plotted in corresponding colors. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the web
version of the article.)

[7]. To confirm that the differences between samples (c) and (d)
were valid, we fit the C–V curves on 8 different devices on each
sample from the two  runs. The relative standard errors in deter-
mining these values were calculated to be less than 5%. Mean
values of Dit and their standard error from the two  (c) pretreat-
ment runs were (10.4 ± 0.43) × 1011 and (11.5 ± 0.32) × 1011, while
those for the (d) pretreatment runs were (8.81 ± 0.36) × 1011 and
(9.79 ± 0.31) × 1011/eV/cm2. The difference between the two  Dit
values is confirmed to be significant, with a p-value in our two-
tailed independent samples t-test of 1.1%. In order to extract Dit
values, oxide capacitance (Cox) estimates were made for each sam-
ple by fitting in the accumulation region. The Cox values agreed to
within ±9%.

In several earlier theoretical and experimental reports [9,10],
strong dispersion in the accumulation region of MOSFET structures
with III–V semiconductors were analyzed and assigned to border
traps. Using the border trap model described in Ref. [9], the capac-

itance dispersions for the four sample types were analyzed in the
accumulation region when surface potential energies all equaled
to 0.12 eV (Vg = 1.5 V for sample (a), (b), (c) and Vg = 1.1 V for (d)).
Fig. 3 shows the capacitances versus frequency for each sample
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Fig. 4. DFT-MD simulated a-Al2O3/GaN(0001) stacks (a

colored markers), normalized to the measured capacitance at
 kHz, and corresponding fitted results using the border trap model
solid lines). The conductance versus frequency (also shown in
ig. 3) was simultaneously fitted to determine both border trap
ensities and trap time constant. The modeling resulted in esti-
ates of border trap densities of (a) 2.0 × 1020, (b) 1.0 × 1020, (c)

.9 × 1019, (d) 2.5 × 1019/eV/cm3 while the time constant for the
raps at the interface (zero-depth traps) slightly varied from 0.8
o 1.3 × 10−7 s. The relative standard errors for the trap densities
ere calculated to be less than 6% from fitting the C–V curves on

 different devices on each sample. To our knowledge, such quan-
itative estimates of border traps for GaN MOS  devices have not
een previously reported [5]. The estimates show that the in-situ
yclic TMA/H2 procedure in pretreatments (c) and (d) can lead to

0–90% reductions in border trap densities compared to the mini-
al  pretreatment (a). Moreover, wet sulfide pretreatment also had

 measurable effect on border trap density, a reduction of border

ig. 5. DFT-simulated DOS curves for a-Al2O3/GaN(0001) systems (a) with and (b) withou
re  at 0.0 eV for both (a) and (b). DOS curves of GaN bulk unit cell (red curves) were shifte
o  indicate conduction band and valence band for the GaN bulk DOS curves. (For interpre
eb  version of the article.)
 and (b) without Ga-adlayer between a-Al2O3 and GaN.

trap densities by a factor of 1.6–2 when comparing pretreatment
(b) to (a), or (d) to (c).

To determine the relationship between initiation of oxide
growth and trap densities, an XPS study was  performed to deter-
mine the nucleation density using only 8 cycles of TMA  and H2O
to deposit a less than 1 nm Al2O3 layer using the same chemical
pretreatments as the capacitor structures. Angle-resolved X-ray
photoelectron spectroscopy (XPS) of the buried Al2O3/GaN inter-
face was performed with an Al Ka source in a Thermo Scientific
ThetaProbe. Changes in Ga, Al, N and O XPS signal intensities at
the surface were analyzed for the four different surface prepara-
tions because the elemental chemical shifts (to be discussed in a
separate publication) were small or negligible making peak height
analysis more straightforward. The raw data showed that the Al/Ga

XPS ratio was  much higher for pretreatments (c) and (d), which
included the in-situ cyclic TMA/H2 pretreatment step. Using the
Tanuma–Powell–Penn method [14], the oxide thicknesses for 8

t Ga-adlayer between a-Al2O3 and GaN(0001). Fermi levels for stack (black) curves
d to align deep states with the corresponding stack deep states. Arrows are added
tation of the references to color in this figure legend, the reader is referred to the
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ycle ALD were calculated to be (a) 0.62 nm,  (b) 0.56 nm, (c) 0.87 nm,
nd (d) 0.90 nm.  The Cumpson–Seah method [15] derived about
5% lower thickness values but with the same trends. The results
re consistent with the TMA/H2 treatment both cleaning the inter-
ace and providing a higher nucleation density for the oxide growth
ince a high nucleation density results in a significantly thicker
xide coverage in the limit of only a few cycles of ALD oxide depo-
ition. The results are also consistent with interface as well as the
order traps being formed in part by poor nucleation of oxide on
he GaN surface. One of the factors resulting in improved nucleation
ssociated with the TMA/H2 treatment may  be reduced carbon con-
amination.

The C–V characteristics shown in Fig. 1 are also consistent with
 reduction in trap density with sulfide passivation before expo-
ure to air during the transfer to the vacuum ALD chamber. This is
onsistent with previous reports that after acid/base native oxide
emoval, ammonium sulfide can avoid native oxide re-formation
uring air exposure after wet pretreatment [16]. To understand the
ole of the sulfur layer on the GaN surface during the ALD process,
he four samples with 8 ALD cycles were examined with secondary
on mass spectrometry (SIMS) using ION-TOF of V-300 time-of-
ight-SIMS tool. A 500 eV Cs+ beam was employed for sputtering
nd 15 keV Bi+ ion beam for analysis (see figure in the supplemen-
al materials). The sulfur ion signals for pretreatments (c) and (d)
ere noticeably weaker than for (a) and (b). There was no cor-

elation between actual sulfur treatment (pretreatments (b) and
d)) or lack of sulfur treatment (pretreatments (a) and (c)) with
ulfur coverage. Instead, the findings are consistent with the H2
lasma cleaning used in samples (c) and (d) slightly altering the
ulfur contamination from atmospheric exposure.

A density functional theory (DFT) study was performed to deter-
ine the role of surface chemical treatment of defective sites at

igh-� amorphous oxide/Ga-polar GaN interfaces. All DFT sim-
lations were performed with the Vienna Ab-Initio Simulation
ackage (VASP) [17] using projector augmented-wave (PAW) pseu-
opotentials (PP) [18] and the PBE (Perdew–Burke–Ernzerhof)
xchange-correlation functional [19]. The general procedure of
eneration and verification of a-Al2O3 samples is described in
etail elsewhere [20]. While many previously reported DFT simula-
ions of oxide-semiconductor interfaces were limited to artificially
ormed structures relaxed at 0 K, the present study employed full-
cale DFT molecular dynamics (DFT-MD) at finite temperature
ith amorphous oxide samples, thereby providing the system with

nough freedom to naturally evolve into the more realistic states.
fter initial stacking of the a-Al2O3/GaN systems, they were par-

ially relaxed for ∼30 conjugate-gradient (CG) relaxation steps,
nnealed at 800 K for 1000 fs with 1.0 fs timesteps, cooled to 0 K for
00 fs, and finally relaxed below a 0.05 eV/Å force tolerance level.
hree bottom layers of GaN slab were permanently fixed in their
ulk-like positions. The a-Al2O3/GaN(0001) annealed and relaxed
amples are shown in Fig. 4(a) and (b). Fig. 4(a) corresponds to
-Al2O3/Ga-Adlayer/GaN(0001), while Fig. 4(b) corresponds to the
-Al2O3/GaN(0001) stack without Ga-adlayer. Fig. 5 shows the DFT-
alculated densities of states (DOS) for a-Al2O3/GaN(0001) (black
urves) for both (a) and (b) interface configurations, aligned with
he DOS of the GaN unit cell (red curves). DOS curves for GaN bulk
nit cell (red curves) were shifted in energy to align deep states
ith the corresponding stack deep states at around −15 eV. There-

ore in Fig. 5(a) and (b), energies of 0 eV only refer to the Fermi levels
n the oxide/GaN stacks, not in the bulk GaN. The arrows indicate
he positions of the conduction band (CB) and valence band (VB)
dges in the bulk GaN unit cell. As shown in Fig. 4(a), the inclu-

ion of Ga adlayer significantly shrinks the effective band gap of
aN due to many the Ga–Ga metal–metal bonds, whereas direct
tacking of a-Al2O3 to GaN without Ga adlayer created a much
ess pinned interface with wider band gap. There are remaining

[

[
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VB edge states related to the formation of Al-Ga bonds and CB
edge states associated with remaining Ga dangling bonds at the
oxide/semiconductor interface in this particular sample. Previous
studies have shown that the pH of the wet  treatments is critical
in determining the stability of surface Ga and GaOx layers [21].
The DFT results show that to achieve a good a-Al2O3/GaN(0001)
interface, direct bonding between the oxide and the semicon-
ductor is preferable because a-Al2O3 can passivate the dangling
bonds on the GaN surface primarily through the formation of Ga–O
and N–Al bonds. However, a high nucleation density is critical for
reducing interfacial trap state density associated with Ga dangling
bonds.

4. Conclusion

A two-step pretreatment, which combined wet  sulfide passiv-
ation with in-situ cyclic trimethylaluminum and hydrogen plasma
exposure, was shown to be beneficial in reducing both interface and
border traps for Al2O3/GaN. Comprehensive DFT-MD simulations
of a-Al2O3/Ga-polar GaN interfaces were performed to investigate
interface formation, bonding structure, and electronic properties at
the atomistic level. The experimental (including C–V, XPS and SIMS)
results along with the simulations were consistent with a high
nucleation density reducing the interface dangling bonds respon-
sible for interfacial traps as well as reducing border traps which
are thought to be formed in the oxide immediately adjacent to the
semiconductor.
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