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In this work, we investigate the influence of growth temperature, impurity concen-
tration, and metal contact structure on the uniformity and two-dimensional electron
gas (2DEG) properties of AlGaN/GaN high electron mobility transistor (HEMT)
structure grown by metal-organic chemical vapor deposition (MOCVD) on 4-inch
Si substrate. High uniformity of 2DEG mobility (standard deviation down to 0.72%)
across the radius of the 4-inch wafer has been achieved, and 2DEG mobility up to
1740.3 cm2/V·s at room temperature has been realized at low C and O impurity con-
centrations due to reduced ionized impurity scattering. The 2DEG mobility is further
enhanced to 2161.4 cm2/V·s which is comparable to the highest value reported to
date when the contact structure is switched from a square to a cross pattern due to
reduced piezoelectric scattering at lower residual strain. This work provides con-
structive insights and promising results to the field of wafer-scale fabrication of
AlGaN/GaN HEMT on Si. © 2016 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4967816]

I. INTRODUCTION

The high growth quality and high throughput capabilities of metal-organic chemical vapor
deposition (MOCVD) have enhanced and propelled research of III-nitride in power electronics,
optoelectronics, timing references, high frequency applications, and harsh environment sensors.1–11

One of the most important applications is in the fabrication of AlGaN/GaN high electron mobility
transistor (HEMT) which utilizes a two-dimensional electron gas (2DEG) layer formed at the inter-
face of GaN and AlGaN. The properties of HEMTs are dependent on the electron mobility and the
sheet carrier density of the 2DEG layer. The main factors influencing AlGaN/GaN 2DEG concen-
tration and mobility are: Al% in the AlGaN barrier,12–14 AlGaN barrier thickness,12–14 AlN spacer
thickness,12,13 GaN cap thickness,15 and the impurity level16–18 especially C% in the GaN layer, all
dependent on the growth temperature and its distribution. A deeper understanding of the effects of
these parameters could lead to dramatic improvements in the 2DEG mobility and its uniformity.

Based on the moderate range of these coupled parameters, the HEMT structure grown in this work
was designed as follows: 4-inch Si(111) substrate (p-type, highly doped, resistivity <0.005 Ω·cm)
with AlN/Al0.8Ga0.2N/Al0.5Ga0.5N/Al0.2Ga0.8N/GaN as buffer layers, and ∼1 nm AlN spacer/30 nm
Al0.25Ga0.75N barrier/3 nm GaN cap. In this work, we focus on three aspects: 1. The uniformity of
2DEG mobility across 4-inch wafer, which is a combined effect of Al% and thickness distributions
of the AlGaN barrier, AlN spacer and GaN cap thickness distributions, and C% distribution in the
GaN layer, all closely related with the growth temperature and its distribution; 2. Influence of C and
O impurity level on the 2DEG mobility; 3. Influence of contact structure on the 2DEG performance.
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High mobility is useful for high-frequency electronic devices and high uniformity ensures consistency
among different devices.

II. EXPERIMENTS

Wafer-level AlGaN/GaN-on-Si sample growth was achieved using an MOCVD reactor
(AIXTRON CCSr 3x2) with a 4-inch susceptor. The HEMT structure growth started with two
in-situ baking steps of the substrate at ∼1050 ◦C: 5 min baking in pure hydrogen to remove Si native
oxide and surface adsorption, followed by 10 min baking with the addition of Silane to protect Si
surface. Then AlN was grown with 15 sec ammonium pre-flow, followed by a low temperature AlN
growth at 1020∼1030 ◦C and a high temperature AlN growth at 1120∼1130 ◦C with a total thickness
of 284 nm. The three AlxGa1-xN (x=0.8, 0.5, 0.2 respectively) layers were grown at 1080∼1090 ◦C
with a thickness of 280 nm, 345 nm, 530 nm respectively. A 1.25µm-thick GaN layer was then grown
at 1040∼1060 ◦C. Finally, an AlN spacer of 1 nm, an Al0.25Ga0.75N barrier of 30nm and a GaN
cap of 3 nm were grown at ∼1035 ◦C. All the temperatures mentioned here are true temperature
of sample surface measured by EpiTT in-situ pyrometer. Sample A, B, and C were grown in the
same conditions except that sample B was grown after the reactor had been exposed to some C and
O contaminated experiments. The photoluminescence (PL) mapping and wafer thickness mapping
were measured by Nanometrics Inc. Scanning electron microscopy (SEM) image was taken with
an FEI XL30 Sirion SEM, and X-ray diffraction (XRD) pattern was measured by a PANalytical
X’Pert PRO XRD system. Secondary ion mass spectroscopy (SIMS) of impurity concentration was
carried out by a Cameca NanoSIMS 50L system. All Hall effect measurements, room temperature
or temperature dependent measurements, were performed using an H50 Hall Effect Controller and a
K2000 Temperature Controller.

III. RESULTS AND DISCUSSIONS

A. Influence of growth temperature on Al%

Although the five parameters, Al% and thickness distributions in the AlGaN barrier, AlN spacer
and GaN cap thickness distributions, C% in the GaN layer, are all dependent on the growth temperature
and its distribution, it is challenging and destructive to precisely determine the thickness distribution
of such thin layers (1∼30nm) and the C impurity elemental mapping of low concentration (down to
1x1016 cm-3). The Al% distribution, however, can be determined nondestructively by PL mapping,
and thus could be an indication of the growth temperature distribution and a benchmark of all the
five parameters.

To test the growth temperature dependence of Al%, three AlGaN/AlN/Si testing samples were
grown at a true temperature of 1000 ◦C, 1040 ◦C, and 1080 ◦C, respectively. Figs. 1(a) to 1(c) show
the PL composition mappings of the three testing samples, and Fig. 1(d) shows the measured Al%
as a function of growth temperature, indicating that the Al% is highly dependent on the growth
temperature variation. The results show that, at the normal growth temperature range of 1000 to
1080◦C, 1◦C increase in growth temperature (on the wafer surface) results in an increase of Al
composition approximately by 0.24%. Therefore, the Al% distribution is a good indicator of the
growth temperature distribution, thus the uniformity of 2DEG performance can be tuned by the
uniformity of Al% in the AlGaN barrier.

B. High uniformity of 2DEG mobility achieved on 4-inch wafer

There are three heating zones in the MOCVD reactor (AIXTRON CCSr 3x2). Due to the strain
variation and the wafer bow development as the film layers are grown, it is much harder to control
the uniformity of the full HEMT structure than the simple AlGaN/AlN/Si test structure. Fig. 2(a)
shows the SEM cross section and Fig. 2(b) is the XRD pattern of our HEMT structure. The films are
smooth and exhibit sharp interfaces between different layers and distinct XRD peaks, indicating high
quality of grown films. A further measurement by AFM discloses an RSM of 0.13 nm in a 1µm x 1µm
area and 0.822 nm in a 10 µm x 10 µm area of the GaN film surface (not shown here). By precisely
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FIG. 1. PL mapping of AlGaN/AlN/Si testing structures grown at (a) 1000 oC, (b) 1040 oC, and (c) 1080 oC, respectively,
(d) The growth temperature dependence of Al%, resulting in 0.24%Al/oC.

controlling the temperature settings of three heating zones in the reactor, we have obtained uniform
HEMT stack (average thickness ∼ 2.76 µm), in terms of Al% in the Al0.25Ga0.75N barrier (standard
deviation in percentage unit (stdev%)=2.4%) and thickness of the full GaN-on-Si HEMT structure
(stdev%=3.2%), as disclosed by PL composition mapping in Fig. 2(c) and thickness mapping in
Fig. 2(d), respectively. The average thickness of 2.76 µm matches pretty well with the total thickness
of 2.70 µm from SEM measurement (see Fig. 2(a)). To test the uniformity of 2DEG mobility, the as-
grown 4-inch wafer of HEMT structure was diced into pieces of 1 cm x 1 cm and four metal contacts
were made at the corners of each piece. The metal layers are 20 nm Ti/100 nm Al/40 nm Pt/80 nm
Au from bottom to top, deposited with an E-Beam evaporator. Hall measurement was done on five
pieces across the radius of the 4-inch wafer. Each piece was measured twice and the average value
was taken into final calculation for standard deviation. The measured results are listed in Table I. The
2DEG mobility exhibits a high uniformity with standard deviation down to 0.72% (at the average
room temperature mobility of 1213.6 cm2/V·s) across the radius of the 4-inch wafer.

C. Influence of C and O impurity level on the 2DEG mobility

To investigate the effect of impurity level and contact structure on the 2DEG performance of
AlGaN/GaN HEMT structure, the 2DEG properties of samples with different C and O concentrations
(samples A and B) and with different contact structures (samples A and C) are compared in Fig. 3.
The C and O impurity incorporation in the vicinity of the 2DEG channel can severely affect the
2DEG performance16–18 especially when the concentration is higher than 1x1017cm-3. Fig. 3(a)
compares the SIMS data of Ga, C and O for samples A and B (square structure). The SIMS depth
profiles were measured along all the epitaxial layers by a NanoSIMS with Cs ions as the primary
ion beam. It should be noted that the interfaces between the layers are not very sharp due to the fact
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FIG. 2. (a) SEM cross section and (b) XRD pattern of the HEMT structure; (c) the PL mapping of the AlxGa1-xN barrier and
(d) the thickness mapping of the full HEMT structure.

of low depth resolution of NanoSIMS (i.e., instrument limitation) although high lateral resolution of
50 nm. The ultra-high C and O signals at the surface are considered a combined effect of surface
molecules adsorption and instable ion yields, thus can be disregarded. Despite of the limitations of
the measurement, sample B obviously exhibits higher C and O signals in all the epitaxial layers.
Compared with the growth temperature profile in Fig. 3(b), it is found that the C concentration in the
stack decreases as growth temperature increases, while the O concentration is almost independent
of growth temperature. The measured electron mobility, sheet carrier density, and sheet resistance
are summarized in Table II. It should be noted that as high as 1740.3 cm2/V·s electron mobility
was achieved at room temperature on sample A compared to sample B that has relatively higher C
and O levels. The lower mobility of sample B can be explained by enhanced trapping effect and
ionized impurity scattering at higher impurities incorporation.16 It is also found that sample B has
higher electron density than sample A, indicating that the dominant impurity in sample B is O other
than C because O is a donor while C is an acceptor in GaN. C might be introduced into the sample
because of lower growth temperature, lower reactor pressure, or evaporation from graphite susceptor
and graphite carrier wafer used to hold piece samples, while O might be from the impurities in the
precursor or O adsorption in the reactor as a result of the outgas from O-containing substrate (quartz
wafer, for example) during other experiments. Therefore, to obtain high 2DEG mobility, growth
temperature of the 2DEG channel needs to be high enough16 and reactor condition including reactor
pressure, pretreatment, and de-contamination processes needs to be controlled to reduce C and O
incorporation.

D. Influence of contact structure on the 2DEG performance

Unlike samples A and B which have a square structure, sample C was fabricated into a cross
structure to relieve the residual strain, thus to test the effect of piezoelectric scattering on 2DEG
performance. The schematics of the two different Hall contact structures are shown in Fig. 3(c), and the
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TABLE I. Measured 2DEG mobility of five samples across the radius of 4-inch wafer.

#1 #2 #3 #4 #5 Average(cm2/V·s) Stdev (%)

µ1 (cm2/V·s) 1205.7 1218.1 1217.8 1206.4 1230.6 − −

µ2 (cm2/V·s) 1210.5 1207.7 1206.6 1206.4 1226.2 − −

µ (cm2/V·s) 1208.1 1212.9 1212.2 1206.4 1228.4 1213.6 0.72

room temperature 2DEG properties are compared in Table II. It should be noted that sample C exhibits
an ultra-high 2DEG mobility at room temperature (2161.4 cm2/V·s) due to reduced piezoelectric
scattering19–21 at lower residual strain of the cross structure. This mobility is higher than most room
temperature 2DEG mobilities of similar AlGaN/GaN heterostructures22–25 and is comparable to
the highest value of 2150 cm2/V·s reported to date.26 This ultra-high room temperature mobility is
beneficial to high-frequency electronic devices in room temperature application. The residual strain in
the AlGaN barrier of sample A is considered tensile due to a higher sheet carrier density than sample
C.27,28 To further verify the effect of impurity level and contact structure, temperature dependent Hall
measurement was conducted for samples A, B, and C respectively from 80 K to 300 K, as shown
in Fig. 3(d). Sample B with high C and O impurity level has lower mobility than sample A in the
whole temperature range and shows a gentler slope especially at low temperature region (≤ 100K),
indicating that the temperature independent impurity scattering19–21 dominates the transport property
of sample B. On the other hand, sample C in a cross structure reduces the piezoelectric scattering19–21

from residual tensile strain in AlGaN/GaN heterostructure, resulting in a higher mobility and gentler
slope than sample A at low temperature region (≤ 100K). In other words, piezoelectric scattering
plays an important role in the transport property of 2DEG when there is a large residual strain.

FIG. 3. (a) SIMS depth profiles of C, O and Ga in samples A and B. Ga is used as a reference signal to distinguish different
layers; (b) Sample surface true temperature profile measured by in-situ EpiTT pyrometer during the HEMT growth process; (c)
Schematics of the two Hall contact structures (samples A and B: Square structure; sample C: Cross structure); (d) Temperature-
dependent 2DEG mobility of samples A, B, and C measured from 80 K to 300 K.
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TABLE II. 2DEG performances of samples with different C and O concentrations (A and B) and with different contact
structures (A and C).

Structure Mobility (cm2/Vs) Sheet Carrier Density (cm-2) Sheet Resistance (ohm/cm2)

A Square 1740.3 9.3368E+12 384.13
B Square 1224.6 1.2902E+13 395.04
C Cross 2161.4 7.1593E+12 403.38

IV. CONCLUSION

In conclusion, we have demonstrated high uniformity of 2DEG mobility with standard devi-
ation as low as 0.72% across the radius of the 4-inch GaN-on-Si HEMT wafer, and up to 1740.3
and 2161.4 cm2/V·s 2DEG room-temperature mobility was achieved for a square contact structure
and a cross contact structure, respectively. The dominant factors, growth temperature, impurity level
and contact structure, on 2DEG performance and uniformity are deeply investigated and understood:
AlGaN barrier composition is very sensitive to growth temperature, every 0.24% Al composition
increment in the barrier corresponding to 1◦C growth temperature shift on the wafer surface, thus the
uniformity of 2DEG performance can be tuned by the uniformity of Al composition; high concen-
tration of C and O impurities highly degrade the 2DEG mobility; the cross contact structure reduces
piezoelectric scattering from residual tensile strain in AlGaN/GaN heterostructure which reduces the
2DEG mobility and simultaneously increases polarization induced sheet carrier density.
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