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Electrical characterization of atomic layer deposited Al,O3/InN interfaces
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In this article, the authors report the electrical properties of atomic layer deposited Al,Oz/InN
interfaces evaluated by capacitance—voltage (C-V), current—voltage (I-V), and x-ray photoemission
spectroscopy techniques. I-V characteristics show low leakage currents (300 pA /um?) in the deposited
dielectrics. However, C-V curves show that ex situ surface treatments with hydrochloric acid, ammo-
nium sulfide, and hydrobromic acid has little effect on the surface electron accumulation layer, with
an estimated interface state density over 4 x 10'3/cm?. The effect of the surface treatments on valance
band offset between Al,O3 and InN was also investigated. © 2015 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4936928]

I. INTRODUCTION

The low electron effective mass' and predicted high elec-
tron velocities® ™ in InN make it attractive for future tera-
hertz electronic devices. However, very few experimental
electronic devices have been demonstrated because of a
number of challenges, which include high unintentional dop-
ing,*” difficulty of p-type doping,®’ and large surface pin-
ning.”’~ Extreme band bending of InN due to the high
surface charge densities impede field effect modulation of
the bulk electrons.>’*® The presence of surface electron accu-
mulation layer also makes it difficult to use conventional
methods for determining the bulk carrier properties in p-type
InN.%'° By optimizing the growth condition and by p-type
doping, surface electron concentration at surface has been
reduced;®!""!? however, the concentration is still high for de-
vice applications.

The large surface accumulation layer has been attributed
to the surface defects (In—-O and In—In bonds) on the sur-
face.”'*'® Removal of the surface defects by chemical treat-
ments could reduce the pinning in InN. Numerous papers
have shown by spectroscopy analysis that acids and bases
can effectively remove the native oxide on III-V and III-N
semiconductor surface by reacting with the surface
atoms.' ™ After careful chemical treatments, partially
unpinning of the InN has also been reported by spectroscopic
analysis.">™® The surface defects can also be removed by
in situ trimethylaluminum (TMA) prepulsing in an atomic
layer deposition (ALD) tool. TMA prepulsing has been suc-
cessfully used to passivate III-V semiconductors.’*?!
Recently, the reduction of band bending in InN nanowire has
been reported.”” P-channel device has also been realized in
nanowire and exhibits good field effect modulation of the
electrons.>>2* However, the FET devices on InN epitaxial
film have not been demonstrated.
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In this article, we report on the electrical properties of
atomic layer deposited Al,O3 on InN surface. ALD depos-
ited high-k oxides are widely used as gate dielectrics in sili-
con metal oxide semiconductor field effect transistors,zs*28
and have been used to obtain low interface state density
interfaces to III-Vs and GaN.?"*~*? Previous report on
ALD dielectrics on InN primarily focused on the structural
properties.>® Here, we focus on the capacitance—voltage
(C-V) and current—voltage (I-V) characteristics that are
essential to understand in order to achieve practical elec-
tronic devices. The effect of surface treatments on C-V, I-V,
and band-offset was investigated.

Il. EXPERIMENTAL DETAILS

The cross-section schematic of the In-polar InN metal-ox-
ide-semiconductor capacitor (MOSCAP) structure used in
this study is shown in Fig. 1(a). A 500 nm of InN layer was
grown by plasma assisted molecular beam epitaxy on sap-
phire substrate with an AIN nucleation layer and 500 nm of
GaN buffer. The GaN buffer was grown at 730°C at a
growth rate of 0.7 m/h, while the InN layer was grown at
340 °C with In:N ratio of 1:1 at the growth rate of 0.38 m/h.
X-ray diffraction measurements confirm the wurtzite growth.
The polarity of the sample was verified by potassium hy-
droxide (KOH) etching.>* Figures 1(b) and 1(c) show the
secondary electron microscopy (SEM) and atomic force mi-
croscopy (AFM) images of the In-polar InN surface indicat-
ing a rough surface.

MOSCAP structures [shown in Fig. 1(a)] were used to
study the dielectric—InN interface. A 30 nm layer of Al,O3
was deposited by thermal ALD at 300°C in a Cambridge
Savannah S100 system using TMA and water (H,O) precur-
sors. Prior to the deposition of Al,O3, the samples were
treated by different acids and bases to remove surface
defects. Reference 16 reports that hydrochloric acid (HCI)
can remove the indium metal adlayer on top of InN and
reduce surface pinning significantly in N-polar InN.

© 2015 American Vacuum Society 01A133-1
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Reduced surface bending has also been reported in InN after
ammonia sulfide [(NH4),S] treatment because of the forma-
tion of In-S dipole near the surface.'>!'” Hydrobromic acid
(HBr) has been used to remove the native oxide on GaAs
surface.'” As discussed previously, in situ TMA prepulsing
has also been used to passivate III-V semiconductors.
Therefore, we explore the effects of TMA, HCI, (NH4),S,
and HBr on the electrical properties of InN MOSCAPs.

All samples were first cleaned by buffered HF for 4 min
to remove surface contaminants and oxides. Sample B, C
and D were dipped in HCI (~15% w/w) at 50 °C for 10 min.
Sample E was subjected to HBr (~48% w/w) at 50 °C for 10
min instead of HCI. Samples D and E were then treated by
(NH4),S (~44% w/w) at 50°C for 1 h. Twenty cycles of
TMA were pulsed on samples C, D, and E before starting the
normal Al,O5; deposition. A summary of the various surface
treatments studied here is given in Table I. All the samples
were capped with 5nm HfO,; layer to protect the Al,O3 dur-
ing subsequent photolithography process. Next, Pt/Au top
electrodes were deposited by lift-off technique for the top
anode contact. The bottom Ti/Au contacts were deposited af-
ter etching the oxide and InN layers by BCl;/Ar based reac-
tive ion etching process.

We calculated the band-offsets of the deposited Al,O3 on
InN by x-ray photoelectron spectroscopy (XPS). The XPS
spectra were acquired by using a Physical Electronic PHI
VersaProbe 5000 equipped with a hemispherical energy ana-
lyzer. A monochromatic Al Ko (1486.6eV) operated at
25.3 W and 15kV was used. The high resolution spectra were
obtained by operating the energy analyzer at a pass energy of
11.75eV. The energy resolution was 0.025eV. The acquisi-
tion was done under ultrahigh vacuum environment (operating

TaBLE I. Summary of the chemical treatments.

Sample Treatment

A HF

B HF, HC1

C HF, HCI, TMA

D HF, HCl, (NHy4),S, TMA
E HF, HBr, (NHy4),S, TMA

J. Vac. Sci. Technol. A, Vol. 34, No. 1, Jan/Feb 2016
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FiG. 1. (Color online) (a) Cross-section schematic of InN MOSCAP device. (b) SEM and (c) AFM image of the InN surface.
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pressure was lower than 4.0 x 10° Pa). Dual charge neutrali-
zation was used to correct the surface charging effects. The
binding energies were also aligned by setting the CH, peak in
C 1s envelope at 285 eV.*> However, the band offset measure-
ments were not affected by the charging effects.

The valence band offset (VBO) was extracted by the
method proposed by Kraut et al*®

A2 In3ds), In3ds), VBM
AE, = (EA1203 /InN EA1203 /InN) + (ElnN —Epx )
Al2p VBM
— (B0, — Eaboy): (D

where the superscripts indicate the XPS peaks and the
subscripts indicate the corresponding samples. Here, we
used Al 2p and In 3ds ), as the core levels in InN and AL, O;.
Three different samples were required: 45nm Al,O3 on
Si, bare InN, and ~2nm Al,O3 on InN to calculate the term

Al2p VBM In3ds/ VBM Al2p
of (EA1203 *EA1203)’ (BN —EpN ), and (EA1203/InN

—EZ??;B/;IHN), respectively. The conduction band offset
(CBO) was giving by

AE, = AE, — AE,, ©)

where the AE, is the difference in band gap and AE, is the
valence band discontinuity. The core level and loss structure
of O 1s on the 45nm Al,O3/Si sample were acquired in
order to find the band gap of Al,Os. From the onset energy
of the loss energy spectrum, the band gap of insulator can be
found.®

The electrical properties of the interfaces were character-
ized at room temperature. The current—voltage measure-
ments were done by using Agilent 4155B-41501B
semiconductor parameter analyzer. The leaking current was
examined in a large voltage range. The capacitance—voltage
measurements were carried out using Agilent 4294A
Precision Impedance Analyzer, the measurement frequencies
were set from 10 kHz to 5 MHz, and the signal level was set
to 20mV root mean square.

lll. RESULTS AND DISCUSSION

Figures 2(a)-2(c) show XPS peaks from 45 nm Al,O3 on
Si, bare InN, and ~2 nm Al,O;/InN heterostructure after HF



01A133-3 Jia, Dabiran, and Singisetti: Electrical characterization of ALD Al,O3/InN interfaces 01A133-3
45nm Al,O;/Si ——Fit Peak Bare InN ——Fit Peak 1 = ChP.. . T— 1
P ARQIS | Eeemanapeak In 3055, —rirae =
oA | i umulative Peal T 2 - 7 J i i
Al 2p A : IN-N'|....... Experimental Peak| ‘ ;an ';Mzo"‘"?N !
% ] 711eV. | 5 b —442.8eV —J 5 In 3ds, Al2pf,
= ) VB | s i s 368.9eV. J
|- ! i TN £ | £ Cor
g : o lazev| B [T 8 o [
- i £ 5 E

| \ \ il
L S 1 o X0 |
Ll ' L B NN . -

7978777675747372 10 8 6 4 2 0 448 446 444 442 4404 3 2 1 0 1 -2 446 444 442 440 80 78 76 74 72 70

Binding Energy (eV)

(a)

Binding Energy (eV)

(b)

Binding Energy (eV)

(c)

FiG. 2. (Color online) XPS peaks used to calculate valance band offset. (a) In 3ds , peak and valance band minimum obtained from InN. (b) Al 2p and valance
band minimum in 45 nm Al,Os on Si. (c) Al 2p and (d) In 3ds; in 2nm Al O3 /InN heterostructure after HF treatment. The VBO was found to be 2.8eV. In

3ds j, peaks in (b) and (c) showed In-O peak.

cleaning, respectively. The XPS spectra were curved fitted
with a Voigt band type after Shirley background subtraction
with the following limits: binding energy *0.4eV, FWHM
*+0.2¢eV, and 92% Gauss. The valence band maxima (VBM)
was found by linearly extrapolating the leading edge of the
XPS spectra.®’ In Fig. 2(b), the In 3ds /2 spectrum showed a
strong peak at 443.7 eV correspond to In-N bond®**~*! and
a second peak at 444.7eV corresponding to In-O bond,'’
indicating the presence of InO, layer on top of InN. The
VBM was found to be 0.9eV below Fermi level, suggesting
downward band bending near surface due to the high density

of surface states. From XPS spectra, the (Ej 5 — EYPM ),

(Eiﬁ;ds/z — EYBM), and (Ej::f& JoN Ef;i‘gf/mN) were calcu-
lated to be 71.1, 442.8, and —368.9 ¢V, giving a VBO (AE,)
of 2.8 eV. Figure 3 shows the core level and loss structure of
O Ls on the 45 nm Al,O3/Si sample. The band gap of Al,O3
was determined to be ~7 eV, which was in good agreement
with the literature reported values.*® Taking the band gap of
InN to be 0.7eV, the CBO (AE.) was calculated to be

Loss 45nm Al,O3/Si
Structure "O1s
core
—_ level
S k
s / |
E‘ 5-i16 544 54iZ 540 51‘;5 536 534 5;2 5;0 528 526 524
2 Bindin% Energy (eV)
5 :
£
—— \
i i

546 544 542 540 538 536 534 532 530 528 526 524 522 520
Binding Energy (eV)

FiG. 3. O 1s peaks acquired from the 45nm Al,O3/Si sample to determine
the bandgap of Al,Os. The inset shows the loss structure. The bandgap of
Al,O3 was determined to be 7 eV.
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3.5eV. Table II gives the calculated VBO and CBO between
Al,O; and InN for the different samples. All the samples
show a similar VBO of 2.16 ~2.24 eV except the HF treated
sample. A higher VBO was seen in HF treated sample,
which could be due to the insufficient removal of native in-
dium oxides. In fact, all the In 3ds/, peaks showed the pres-
ence of In-O bond. It is possible that the oxygen was
adsorbed onto the surface during the transfer to ALD cham-
ber after the removal of the native oxide by the acids and
bases. Figure 4 shows the XPS spectra of the samples B and
C. The ratio of the integrated area of In-N and In—O was cal-
culated to be ~1.5 for sample B and ~1.8 for sample C. The
TMA pretreatment did show a reduction in the intensity of
In-O peak, but the presence of In-O suggested insufficient

pretreatment.
Figure 5 shows the measured I-V of the devices. From
—20V to +8V, the Ileakage current was below

0.01 pA/um?. Surface morphology has been reported to lead
to leaky dielectrics in N-polar GaN films.** No such degra-
dation in the dielectric insulating properties was observed
for InN. After +8V, the current increased rapidly and
behaved like diode. Although there was dispersion among
different treatments, the leakage was below 300 pA /um?.
The room temperature C-V curve of the InN MOSCAP
with TMA pretreatment (sample C) measured at 1 MHz is
shown in Fig. 6(a). No indication of depletion of surface
electron layer or bulk electron density was observed in the
C-V curve. Figure 6(b) shows the relative change in the ca-
pacitance [AC/C = (C — Cuin)/Cunin] for all the MOSCAPs
studied here. All samples showed similar behavior: capaci-
tance first decreased slightly until —1.5V and further

TasLE II. Calculation of the VBO and CBO with surface treatments.

Sample VBO (eV) CBO (eV)
A 2.8 3.5

B 2.16 4.14

C 2.21 4.09

D 2.23 4.07

E 2.24 4.06
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FiG. 5. (Color online) I-V curves of the devices on the InN. I-V curves
showed very small current leakage, indicating good insulating property of
the dielectric layer.
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F1G. 6. (Color online) (a) C-V profile of the device on the TMA pretreated sample. Depletion of electrons does not occur even at large gate bias. (b) Variation
of the capacitance with respect to the minimal capacitance. The C-V curves with different treatments show similar trend. Regardless of surface treatments, the
percentage of capacitance variation ended at ~5% when bias is —20 V with no indication of depletion of InN.
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FiG. 7. (Color online) Frequency dependent C-V curves measured from (a) sample A and (b) sample C. The C-V curves did not show the depletion of surface

electrons.
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Fic. 8. (Color online) (a) Band diagram of the InN-MOSCAP with interface traps. (b) Simulated C-V curves with different interface state densities. The inter-
face traps were inserted at 0.75 and 0.85 eV above valence band maximum. The densities varied from 1 x 103 /cm? to 6 x 103 /em?. (¢) Simulated C-V
curves with different locations of interface traps with a total density of 4 x 10'* cm 2. Both the density and location affect the C-V profiles.

decreasing of the bias voltage results in increasing of capaci-
tance. Irreversible dielectric breakdown was observed (not
shown) at a reverse bias of 23 V. The surface treatments did
not seem to significantly modify the pinning to observe bulk
electron depletion although some shifts in the peak positions
were observed in XPS. The increase in capacitance at higher
reverse biases was attributed to the contribution of the inter-
face states to the capacitance (Cy). The frequency dependent
C-V curves of samples A and C are shown in Figs. 7(a) and
7(b), respectively. There is slight drop in AC/C from 10kHz
to 5 MHz; however, the variations were too small to reflect
any depletion of the surface electrons. Other samples have
similar frequency dispersion curves (not shown). All of the
C-V curves did not show any depletion of the surface accu-
mulation layer after surface treatments.

Simulations of C-V profiles were performed at 1 MHz in
InN-MOSCAPs using Silvaco Atlas.** The oxide layer con-
sisted of 30 nm Al,O3 and 5 nm HfO,. Figure 8(a) shows the
schematic of the band diagram of the InN MOSCAP with
interface traps. The dielectric constants of Al,O3, HfO,, and
InN were 9, 12, and 8.4.** The electron affinities of Al,O3,
HfO,, and InN were 2.6,45 2.8,46 and 5.8 eV.*” The work
function of Pt was taken to be 5.65 eV.*> Two levels of the
interface traps were inserted at 0.75 and 0.85eV above va-
lence band maximum. Figure 8(b) shows the simulated C-V
curves for interface state densities (Dj) from 1 x 10" / cm?
to 6 x 10'* /cm?. It can be seen that for Dy > 4 x 10" /cm?,
no depletion was observed in the C-V curves; however, at an
interface density of 3 x 10" /cm?, the depletion of bulk elec-
trons could be observed. By comparing Fig. 6(b) and Fig.
8(b), the Dy in our InN sample was high (>4 x 10'3/cm2).
However, at a voltage of —20V, the measured values of
AC/C in Fig. 6(b) were higher than the values in Fig. 8(b).
Therefore, we simulated the C-V curves with interface traps
at different positions with a total density of 4 x 10" cm 2,
which is shown in Fig. 8(c). As seen, the increment in capac-
itance depends on the exact location of interface traps. Since
our measured data exhibited large AC/C values, we can con-
clude that the interface traps inside our InN sample were dis-
tributed in a large energy range above conduction band
minimum with a very high density. The high density of

JVST A - Vacuum, Surfaces, and Films

interface trap leads to the failure of capacitance or conduct-
ance method in evaluating the density of the interface traps.

From the measured C-V profiles, the surface treatments
did not show significant change in the pinning of InN.
Unlike the reported unpinning by surface treatments ana-
lyzed using XPS technique,'”™'® the InN samples studied
here were not transferred to ALD chamber under vacuum.
This could lead to oxidation of the InN surface and pinning
of the interface. Further oxidation of the surface can also
occur during the heating of the samples in ALD chamber
where the background pressure was in milliTorr range.
Surface treatment followed by vacuum annealing and trans-
fer under vacuum to ALD could lead to unpinning in
MOSCAPs.

IV. CONCLUSIONS

We studied the capacitance—voltage and current—voltage
characteristics of In-polar InN/Al,O3 MOSCAPs with dif-
ferent ex situ surface treatments. Hydrochloric acid, ammo-
nium sulfide, hydrobromic acid, and trimethylaluminum
treatments were explored. Although the I-V measurements
of the MOSCAPs show low leakage currents, C-V profile
indicates no significant change in the pinning of InN surface
due to these surface treatments.
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