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Abstract: We investigated the effect of phase separation on the Schottky barrier height (SBH) of
InAlAs layers grown by metal-organic chemical vapor deposition. The phase separation into the
In-rich InAlAs column and Al-rich InAlAs column of Ing 5, Al 48 As layers was observed when we
grew them at a relatively low temperature of below 600 °C. From the photoluminescence spectrum
investigation, we found that the band-gap energy decreased from 1.48 eV for a homogeneous
Ing 5pAlp 48As sample to 1.19 eV for a phase-separated InyAl;_yAs sample due to the band-gap
lowering effect by In-rich InyAl;_4As (x > 0.7) region. From the current density—voltage analysis of
the InAlAs Schottky diode, it was confirmed that the phase-separated InAlAs layers showed a lower
SBH value of about 240 meV than for the normal InAlAs layers. The reduction in SBH arising from the
phase separation of InAlAs layers resulted in the larger leakage current in InAlAs Schottky diodes.

Keywords: MOCVD; InAlAs; phase separation; band-gap lowering; schottky barrier height; InP HEMT

1. Introduction

InP-based high electron mobility transistor (InP-HEMT) with characteristics of ultra-
low noise and high on/off speed shows remarkable DC and RF properties [1-3]. It is
well known that the InNP-HEMT consists of an InP lattice-matched Ing 53Gag 47As channel
and an IngspAlg 48As buffer and barrier [4,5]. InP-HEMT for the ultra-high frequency
RF applications of 850 GHz should have such characteristics as a high resistivity of the
InAlAs buffer, a high electron mobility of the InGaAs channel, high gate capacitance, and
low leakage current of the InAlAs barrier [6]. Among them, there are many studies on
metal /semiconductor contacts to reduce gate leakage current by forming a Schottky contact
with a large barrier height over 830 meV between the InAlAs barrier layers and Pt [7],
Cr [8], and Ir [9] layers.

Generally, the gate leakage current in InP HEMTs with InAlAs Schottky barrier lay-
ers grown using metal-organic chemical vapor deposition (MOCVD) or molecular beam
epitaxy (MBE) methods is related to the thermionic emission of charges or defect-assisted
tunneling, which arises from a low Schottky barrier height formed by poor crystallini-
ties of the InAlAs barrier [10]. In particular, the InAlAs epitaxial layers show a specific
phenomenon such as phase separation depending on the growth parameters, especially
growth temperatures [11-13]. Phase separation is caused by the surface mobility difference
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of In and Al ad-atoms, deriving the local composition fluctuations during the growth.
Phase-separated InAlAs layers grown at insufficient temperature led to surface roughness
and band-gap lowering by local In-rich InAlAs regions. Nevertheless, a few studies have
been conducted on the effect of phase separation of the InAlAs Schottky barrier layer’s
electrical properties on InP HEMT devices.

In this article, we report the investigation results on the effect of phase separation
of InAlAs Schottky barrier layers grown by MOCVD. In the phase-separated InAlAs, the
lowering of the band-gap energy was observed from photoluminescence (PL) spectrum.
The Schottky barrier height (SBH) was measured from InAlAs Schottky diodes fabricated
on n*InP (100) substrates. From the SBH results calculated by thermionic emission theory,
it was found that the phase-separated InAlAs samples showed a low barrier height of
~300 meV at 300 K compared to normal InAlAs layers.

2. Materials and Methods

The InAlAs layer was grown at 500 °C (low-temperature, LT) and 660 °C (high-
temperature, HT) using an MOCVD system (AIX2004/L, Aixtron, Herzogenrath, Germany).
Trimethylaluminum (TMALI), trimethylindium (TMIn), hydride-gas arsine (AsHj3), and
phosphine (PH3) were used as precursors and hydrogen gas was used as carrier gas with a
total flow of 15 slm for epitaxial growth. All samples were grown at a V/III ratio of 100,
and a total pressure of 160 mbar in reactor. TMIn and TMAI flow amounts for LT-InAlAs
growth at 500 °C were 17.01 umol/min and 4.36 umol/min, respectively. The Indium
content x, determined by a high-resolution X-ray diffraction (HR-XRD) measurement in
InycAl;_xAs layer was x = 0.520. For the HT-InAlAs growth at 660 °C, 17.86 umol/min of
TMIn and 4.36 pmol/min of TMAI were used and obtained the In,Al;_4As layer with a
x = 0.512.

For the analysis of structural and surface morphology, the InAlAs layers with the same
growth conditions as in Schottky diode samples were grown on Fe-doped semi-insulting
InP (100) substrates. The surface morphology and roughness were measured using atomic
force microscopy (AFM). The crystal structure and local composition variation in InAlAs
layers according to the growth temperature were investigated using high-angle annular
dark-field (HAADF) scanning transmission electron microscopy (STEM) observation. The
effect of phase separation on the bandgap energy of InAlAs was analyzed by room tem-
perature PL. The 266 nm line of Q-switch laser with the power density of 210 mW /cm?
was used for excitation. The InAlAs Schottky diodes consist of 250-nm-thick Si doped
(6 x 10'® cm—3) Ing 50 Al 48As buffer layer grown at 660 °C on n*InP (100) substrate and
300-nm-thick LT- or HT-InAlAs Schottky contact layers, as shown in Figure 1. After hydride
switching from AsHj to 25 sccm of PHj3, the 3-nm-thick InP etch stop layer was grown at
500 °C to suppress the formation of native oxide on the surface of the InAlAs layer. The
stack of Schottky contact was Au/Pt/Ti/Pt (300/10/10/80 nm), and the contact metal area
was 4.0 x 10~* cm?. The ohmic contact was formed using Au/Ti (300/10 nm) on the back
side of n*InP (100) substrate. The background donor density of the un-doped InAlAs layer
was estimated by capacitance-voltage (C—V) measurement at 300 K. The leakage current of
InAlAs Schottky diodes were analyzed by current density—voltage (J-V) measurements
at 77 K and 300 K. Additionally, the Schottky barrier height (SBH) was estimated using
thermionic current-voltage relationship.
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Pt/Ti/Pt/Au Schottky
contact

InP etch stop 3 nm

Un-doped
LT-InAlAs, HT-InAlAs
Thickness ~ 300 nm

n-InAlAs 250 nm
[Si: 6 % 108 cm3)

n*InP (100) Substrate

Ti/Au Ohmic contact

Figure 1. A schematic diagram of a Schottky diode with LT- and HT-InAlAs barriers.

3. Results and Discussion

Figure 2 shows 3 x 3 um? AFM images for the (a) LT-InAlAs and (b) HT-InAlAs
samples grown on semi-insulating InP (100) substrates. While the LT-InAlAs sample has
a mound structured surface with a root mean square (RMS) roughness of 0.7 nm, the
HT-InAlAs sample shows a clear terrace-like surface, indicating step flow growth with an
RMS roughness of 0.1 nm as shown in Figure 2b. The In composition measured in HR-XRD
scans are shown in Figure 2c.
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Figure 2. AFM (3 x 3 um?) scans showing surface morphologies of InAlAs layers grown at a
temperature of (a) 500 °C and (b) 660 °C. (c) Corresponding HR-XRD w-26 scan data.

Cross-sectional STEM images obtained at [110] zone axis for the corresponding sam-
ples with Figure 2 are shown in Figure 3. The LT-InAlAs sample as shown in Figure 3a
shows columnar structure with different brightness, which originated from the composi-
tion fluctuation by phase separation of InAlAs layers as discussed in Ref. [14], with about
10 nm diameter. In contrast, cross-sectional STEM image in Figure 3b for the HT-InAlAs
sample shows a flat and homogeneous in composition. In/ Al composition variation of the
LT-InAlAs sample showing the phase-separated columnar structure, investigated using
energy dispersive X-ray spectroscopy (EDS) profile, is shown in Figure 3d for the line
indicated in Figure 3c. The In composition in the columns periodically fluctuated from
about 70% at peak to about 30% at valley with an average value of about 55.7%. This means
that there are two phases with different columnar compositions in LT-InAlAs samples,
and this phase separation occurred during growth at relatively low temperature. The In
composition measured in HR-XRD scans for the LT-InAlAs layer in Figure 2c was 52%
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and we could not distinguish phase separation from w-26 scans as distinguished in STEM
analysis. The formation of the mounded surface and phase separation of the LT-InAlAs
layers mainly originated from the low mobility of ad-atoms on the growing surface at a
low growth temperature as discussed in [15].
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Figure 3. Cross-sectional STEM images for InAlAs grown at a temperature of (a) 500 °C and (b) 660 °C.
(d) is an EDS line scan obtained from the dashed rectangle in (c), a magnified image of the InAlAs
layer in (a). The red and blue lines indicate In(L) and Al(K) intensities measured from EDS, and green
circles indicate corresponding In composition at specific points.

Figure 4 shows the PL spectra measured at room temperature for the LT-InAlAs and
HT-InAlAs samples grown on semi-insulating InP (100) substrates. In the HT-InAlAs
sample, three peaks located at P; = 1.48 eV, P, = 1.36 eV, and P3 = 1.25 eV are observed.
We estimated that those PL peaks are originated from PL transitions in the Ing 51 Alg 49As
(P1), InP (P3), and Ing 5pAlp 48 As/InP interface (P3), respectively [16,17]. Generally, the PL
transitions for InyAl;_4As layers are related to the bandgap energy which varies with the
In composition x. When In composition x = 0.51-0.52, the band-gap energy measured by
PL is 1.46-1.48 eV at room temperature. In contrast, the PL spectrum of LT-InAlAs showing
phase separation was broad with only one peak at 1.19 eV (P4). The band gap energy of
1.19 eV for InyAl;_,As corresponds to x = 0.65 when it is estimated from the Vegard’s
law [18]. According to STEM EDS results shown in Figure 3d for LT-InAlAs sample, the In
composition x was varied with column in the range of 0.26 and 0.78. Additionally, it is well
known that InyAl;_4As shows indirect transition characteristics when the In composition
x is less than 0.3. Therefore, we can deduce that the PL signal in the Al-rich column with
x ~ 0.26 in LT-InAlAs sample might not be detected. Because the band gap energy for
IncAly_xAs layer with x = 0.70 is expected to 0.91 eV, the 1.19 eV of P, peak for LT-InAlAs
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layer shifted to the higher band gap energy than x = 0.70. We attribute this red shift of
bandgap energy of phase-separated LT-InAlAs layers to a confinement effect of In-rich
columns which are surrounded by quantum barriers with the Al-rich columns as discussed
in a Ge/InAlAs nano-composite structure with phase separation as described in Ref. [19].
The similar phenomena of bandgap lowering in InAlAs epitaxial layers has been reported
in several studies, in which those were occurred by phase separation or Cu-Pt type ordering
in InAlAs epitaxial layers [13]. The similar lowering of the Schottky barrier height with the
In composition of InAlAs is reported in [20].

ll

P,1.48ev) RT
——HT-InAlAs

P,(1.25 eV)

P,(1.36 eV)

P,(1.19 eV) RT
v —— LT-InAlAs

PL intensity [a.u.]

12 13 1.4 15 1.6
Energy [eV]

Figure 4. Room temperature PL spectrum for HT-InAlAs (top) and LT-InAlAs (bottom). The fitted
spectra are drawn with blue lines.

Figure 5 shows the depth profile obtained from the room temperature (RT) C-V
measurements on the HT- and LT-InAlAs Schottky diode samples described in Figure 1.
The capacitance was measured from V = —2 V to 0.5 V. The x-axis and y-axis of Figure 5 were
calculated by the relationship between the carrier concentration and depth [21], given by:

€A
C= o @

—2 [dc2]7"
oAz [dv}
where C is capacitance, € is permittivity, A is area, x; is depletion depth, and 7 is carrier
concentration. As indicated by dot lines in Figure 5, the concentrations of donors were
~3.0 x 10'® em 3 for the LT-InAlAs layer and 0.8 to 1.0 x 10'7 cm~3 for the HT-InAlAs layer,
respectively. These n values obtained from the RT Hall effects measurement using the Van
der Pauw pattern were similar with ~1.0 x 10'® cm~3 for LT-InAlAs and ~8.0 x 10'¢ cm—3
for HT-InAlAs, respectively. The difference in resistivity values for two samples were huge,
with about five-order higher at the LT-InAlAs with ~1.0 x 10* Q-cm than for HT-InAlAs
with 0.1 Q-cm.

@)

n(xg) =
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Figure 5. Depth profiles of donor density n extracted from C-V measurement of HT- and LT-InAlAs
Schottky diodes with a metal contact area of 4.0 x 10~* cm~2. The donor concentration values from
the Hall measurement are indicated as dashed dot lines.

Figure 6 shows semi-logarithmic J versus V curve results at 77 K and 300 K of LT- and
HT-InAlAs Schottky diodes. Regardless of the measurement temperature, high current
densities are observed in both the reverse and forward directions of the LT-InAlAs Schottky
diode. Specifically, the leakage current densities of HT-InAlAs Schottky diodes at —2 V
are 4.4 x 107* A/cm? at 300 Kand 3.1 x 10~* A/em? at 77 K, whereas 2.9 x 1072 A/cm?
at 300 K and 9.0 x 1073 A/cm? at 77 K for LT-InAlAs, respectively. According to the
C-V and Hall effect results, the LT-InAlAs layer has higher resistive properties due to
the lower background carrier concentration than HT-InAlAs. The lower current of the
LT-InAlAs at the forward bias region of the ]-V plot comes from this resistance difference.
However, the |-V plot at the reverse bias region shows an opposite trend, i.e., the LT-
InAlAs Schottky diodes at both 300 K and 77 K show more conductive properties than
HT-InAlAs Schottky diodes. There are more conductive properties in the LT-InAlAs layers
in Schottky diodes at the reverse bias, as shown in Figure 6, even though they have higher
resistivity values and a lower carrier concentration as discussed in Figure 5. This could be
understood by the formation of a low SBH at the metal /LT-InAlAs junction. Additionally,
from the temperature dependent -V curves, it is identified that the leakage current of
LT-InAlAs Schottky diode is not sufficiently suppressed at 77 K, compared to HT-InAlAs
Schottky diode. The high leakage current even at low temperature measurement clearly
indicates the dominance of the band-gap lowering effect by phase separation rather than
trap-assisted-tunneling (TAT).
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Figure 6. Semi-logarithmic current density-voltage graphs of HT- and LT-InAlAs Schottky diodes
measured at 77 K and 300 K. Schottky contact area is 4 x 10™* cm 2.

We estimated SBH at 77 K and 300 K using thermionic emission theory from the J-V
curve of an InAlAs Schottky diode. The thermionic current density-voltage relationship of
a Schottky diode, neglecting series and shunt resistance [22,23], is given by:

1=1 (e () -1) ®

where s is the saturation current density given by:

Jo = A Toexp (- 201 @

In (3) and (4), q is element charge constant, V is bias voltage, n is the ideality factor,
T is the absolute temperature, k is the Boltzmann constant, ¢p is the SBH, and A* is the
effective Richardson’s constant (9.2 A-cm™2-K~2) for InAlAs [24]. The SBH is calculated
from J; obtained from the measured value and is defined as:

KT. [/ A*T?
¢B=qln< - ) )

From the result of a linear plot of the forward bias region in the semi-logarithmic |
versus V curve in Figure 6, J; is the intercept of the current density axis at zero bias. The J; of
InAlAs Schottky diodes 77 K and 300 K were 8.34 x 1073 A/cm? and 9.40 x 1073 A/cm?
for LT-InAlAs, 2.27 x 107® A/cm? and 1.11 x 107° A/cm? for HT-InAlAs, respectively.
The SBH calculated by (5) for LT-InAlAs, as shown in the Table 1, is 0.10 eV at 77 K and
0.47 eV at 300 K. On the other hand, HT-InAlAs resulted in high SBH with 0.16 eV at
77 Kand 0.71 eV at 300 K, respectively. These temperature-dependent phenomena of SBH
and n are explained by the current transport by the thermally activated process at the
metal/semiconductor interface [25,26]. In the J-V curve in Figure 6, the leakage current is
caused by thermal emission of electrons that overcome the SBH at 77 K and 300 K. As a
result, the effective barrier height is expected to be temperature dependent. The difference
of 240 meV of SBH between LT- and HT-InAlAs Schottky diode at 300 K measured by J-V
curve meets well with the 290 meV of band-gap lowering measured by PL measurement. In
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addition, the ideality factor n values for the LT-InAlAs were 13.1 at 77 K and 3.35 at 300 K
and for the HT-InAlAs were 5.72 at 77 K and 1.17 at 300 K, respectively. The high ideality
factor at the LT-InAlAs is attributed to the combined effect of the interface state, image
force lowering, and tunneling at the metal/semiconductor interface [24]. The high leakage
current induced by tunneling at metal /semiconductor interface increased the ideality factor
at the low forward bias region. In addition, high resistivity of the LT-InAlAs layer, as
discussed in Figure 5, also lowered the ideality factor by reducing on-current.

Table 1. Calculated values of SBH and ideality factor n from Figure 6 (fitted between 0.1 to 0.4 V).

. SBH (eV) Ideality Factor (n)
-2
Sample Diode Area (cm—2) @77 K @300 K @77K @300 K
LT-InAlAs 0.10 0.47 13.1 3.35
40 x 1074
HT-InAlAs 0.16 0.71 572 1.17

In summary, Schottky diodes with LT-InAlAs show high leakage current due to the
SBH lowering, which originated from the In-rich InAlAs column, as identified in the EDS
and PL analyses. Even though LT-InAlAs has very high resistivity value as discussed in
the C-V and Hall effect measurement, which is a necessary condition for the buffer layer,
but is not proper for the Schottky barrier layer because the phase-separated In-rich region
gives SBH lowering, and this results in a larger gate leakage current in HEMT.

4. Conclusions

We investigated the effect of the phase separation of the InAlAs layer on SBHs through
the evaluation of Schottky diodes. The phase separation with the In-rich column and
Al-rich column occurred at the LT-InAlAs layers grown on InP (100) substrates at 500 °C by
MOCVD. The phase separation of LT-In,Al;_xAs resulted in the decrease in the band-gap
that originated from the In-rich column with x > 70%. Even though the LT-InAlAs layer
also showed a high resistivity value (>1.0 x 10* Q-cm) arising from the low background
carrier of 1.0 x 10 cm~3, it showed a high leakage current on Schottky diode application.
The SBH values estimated by thermionic emission theory for LT-InAlAs formed at lower
values with 60 meV at 77 K and 240 meV at 300 K than HT-InAlAs, respectively. This
lowering of SBH of the LT-InAlAs layer leads to the high leakage current of Schottky diode.
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