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ABSTRACT

The development of high performance wide-bandgap AlGaN channel transistors with high current densities and reduced Ohmic losses neces-
sitates extremely highly doped, high Al content AlGaN epilayers for regrown source/drain contact regions. In this work, we demonstrate the
achievement of semi-metallic conductivity in silicon (Si) doped N-polar Aly sGay 4N grown on C-face 4H-SiC substrates by molecular beam
epitaxy. Under optimized conditions, the AlGaN epilayer shows smooth surface morphology and a narrow photoluminescence spectral line-
width, without the presence of any secondary peaks. A favorable growth window is identified wherein the free electron concentration reaches
as high as ~1.8 x 10*° cm ™ as obtained from Hall measurements, with a high mobility of 34 cm®/Vs, leading to a room temperature resistiv-
ity of only 1 mQ-cm. Temperature-dependent Hall measurements show that the electron concentration, mobility, and sheet resistance do not
depend on temperature, clearly indicating dopant Mott transition to a semi-metallic state, wherein the activation energy (E,) falls to 0 meV at
this high value of Si doping for the AlGaN films. This achievement of semi-metallic conductivity in Si doped N-polar high Al content AlGaN

is instrumental for advancing ultrawide bandgap electronic and optoelectronic devices.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0210143

Recent technological interest in IIl-nitride semiconductors has
been centered around ultrawide bandgap materials, owing to the
unique advantages that these materials offer: high operational voltages,
stability at high temperatures, high frequency operation, and the
potential to achieve high-performance optoelectronic devices in the
deep ultraviolet (UV) regime.' ~ In this context, Al.Ga;_,N has posi-
tioned itself as the material of choice with its direct tunable ultrawide-
bandgap, large breakdown field, low intrinsic carrier concentration,
and the ability to be doped both n- and p-type.” * It is well known that
in degenerately doped semiconductors, the Mott transition takes place
beyond a certain value of doping, wherein electrons directly hop
between orbital states located at adjacent dopant sites.” Such a transi-
tion to semi-metallic conductivity has been commonly observed in
semiconductors like Si, GaAs, and GaN."”"'* However, attaining such
high levels of doping to facilitate ultralow resistivity high Al content
AlGaN is a significant challenge.”” AlGaN with Al content >0.6 may
exhibit a resistivity as high as 10> Q cm."” Silicon (Si) is the commonly
used n-type dopant for ITI-N materials, functioning as a substitutional
shallow donor at the group-IIT site.”'” In high aluminum content
AlGaN, the challenge in doping arises from a combination of several

factors. The activation energy increases significantly, rising from
approximately 15meV in GaN to >100 meV in AIN.'® Additionally,
Si exhibits self-compensation behavior at elevated doping levels in
high aluminum content AlGaN, resulting in decreased electron con-
centration and increased resistivity.” Furthermore, the mobility in
AlGaN is constrained by alloy scattering, a limitation not observed in
GaN. These problems are further exacerbated in the N-polar AlGaN,
as the growth on commonly used substrates like sapphire and silicon is
plagued with the presence of very high density of dislocations, due to
the large lattice mismatch, the formation of inversion domains, and
poor surface morphology.'® In contrast, bulk AIN substrates are in the
early stages of development and come with exceptionally high costs,
rendering the scalability of such a growth mode impractical."” As the
properties of spontaneous and piezoelectric polarization are leveraged
to facilitate the creation of high Al content AlGaN channel High
Electron Mobility Transistors (HEMTs), a significant challenge lies in
optimizing the selective regrowth of heavily doped AlGaN source-
drain Ohmic contacts to attain high current density and avoid Ohmic
heating, particularly when employing a higher Al mole fraction in the
channel.”"*!
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Recently, 4H-silicon carbide (SiC) substrate with a C-face orien-
tation has emerged as a well-suited substrate for the epitaxy of N-polar
AIN and AlGaN.” In one of our recent works, we demonstrated tun-
able Al content N-polar AlGaN on 4H-SiC substrates with Si doping
spanning orders in magnitude.” The lowest recorded resistivity for
high Al content was about 9 mQ-cm in our previous report. Recently,
AlGaN films with a resistivity of 3-4 mQ-cm has been obtained by
metalorganic chemical vapor deposition grown AlGaN films.” "
There is a need to further reduce the resistivity for Al-rich AlGaN, for
example, to achieve regrown contact access layers in AIGaN channel
HEMTs with sufficiently high conductivity.

In this work, we report the attainment of semi-metallic conduc-
tivity in Si-doped N-polar AlGaN grown epitaxially on C-face 4H-SiC
substrates with high Al content (~60%). By precisely controlling the
growth temperature and the III/V ratio, we identify a growth window,
wherein a highly conductive AlGaN epilayer is obtained with atomi-
cally smooth surface morphology. The optimized conditions for
AlGaN epilayers lead to a notable reduction in defect peaks and a
simultaneous enhancement in the band edge emission intensity. Hall
measurements in the standard Van der Pauw configuration reveal the
highest measured electron concentration of ~1.8 X 10*°cm 3, with a
high mobility of 34 cm*/V's, leading to a room temperature resistivity
of only 1mQ-cm, which is the lowest reported resistivity in
AlyGag 4N to our knowledge. Furthermore, temperature dependent
Hall measurements were performed to elucidate the charge carrier
transport characteristics in these films, wherein a clear signature of
Mott conduction is observed for these highly conductive samples, with
the vanishing of the dopant activation energy.

A Veeco GENxplor Molecular Beam Epitaxy (MBE) system was
used for the epitaxy of these N-polar films, equipped with a radio fre-
quency (RF) nitrogen plasma source (with a purity of 99.9999%) and
Knudsen effusion cells for Ga (99.99999% purity), Al (99.99995%
purity), and Si (99.999%). Before introducing the C-face 4H-SiC sub-
strate into the MBE chamber, a standard solvent cleaning process was
performed with acetone, isopropyl alcohol, and deionized water.
Subsequently, the substrates were baked and outgassed at 200 and
600°C in the MBE load-lock and preparation chamber, respectively.
The Si-doped AlGaN epilayer being investigated in this study is
200 nm thick and grown on top of a 200 nm AIN buffer layer [shown
in Fig. 1(a)]. For Si doping of high Al content AlGaN, the challenges in
attaining a satisfactory level of doping may arise significantly from

(@) (b)

C-face 4H-SiC

FIG. 1. (a) Schematic representation of the epitaxially grown 200 nm AlGaN hetero-
structure on AIN/SIiC. (b) AFM image of the AiGaN epilayer (inset: streaky RHEED
pattern observed in-situ after the growth of AlGaN). The r.m.s. roughness was
extracted to be 0.25nm for a 1 um x 1pm scanning area.
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residual oxygen impurities. This is not only due to their involvement
in the deep donor levels (DX) transition but also because, when com-
bined with a high concentration of dislocations, oxygen can boost the
formation of cation vacancies, serving as compensation centers.”” AIN,
having a lattice mismatch of lower than 1% with the underlying SiC
substrate, not only produces an epitaxially smooth growth front for the
subsequent growth of AlGaN but also minimizes the incorporation of
O impurities from the substrate in the epilayer, which eventually helps
in attaining highly conductive Si doped AlGaN epilayers.”® The growth
conditions of the AIN epilayer has been discussed in one of our recent
works.”” In this work, a favorable growth window for highly conduc-
tive Si doped AlGaN epilayers has been obtained by investigating two
important epitaxy parameters, growth temperature and the N, flow.

Typically, a higher growth temperature results in a smooth surface
morphology, consistent with our prior report.” On the other hand, the
surface morphology deteriorates at lower growth temperatures owing to
the low adatom mobility of a N-polar surface.”'® However, a lower
growth temperature results in fewer Al vacancies and Si-complexes, which
would prove advantageous for enhancing Si doping efficiency in AlGaN
films, as elaborated upon later.”® In this work, by tuning the N, flow rate,
a smooth surface morphology was achieved at a reduced growth tempera-
ture of ~680 °C, measured from the pyrometer reading. A higher growth
rate as obtained by increasing the N, flow also helps in reducing the resis-
tivity of Si doped AlGaN films, as has been recently reported.”” Figure
1(b) shows the AFM image of the AlGaN epilayer, wherein the r.m.s.
roughness was extracted to be 0.25nm for a 1 pim X lpum scanning area.
The in situ RHEED observed during the epitaxy of AlIGaN is narrow and
streaky, indicative of a smooth surface morphology. Furthermore, the N-
polar orientation of the epitaxially grown AlGaN films was confirmed by
wet-etching, as has been discussed in our previous studies.”

Obtaining a high conductivity in AlGaN with a substantial Al
content poses a formidable challenge. The activation energy not only
increases significantly but also is susceptible to high dislocation densi-
ties and compensation arising from acceptor-like defects, particularly
Al vacancies.”” Room temperature photoluminescence experiments
were carried out to investigate the effects of growth parameters in sup-
pressing these defect states in the epitaxially grown AlGaN films.
Excitation of the samples was carried out using a 193 nm ArF excimer
laser, and the photoluminescence emission was gathered and exam-
ined using a Horiba iHR550 spectrometer equipped with a UV-
sensitive Symphony II CCD detector.

Table T summarizes the growth conditions (growth temperature
and N, flow) of the AlGaN samples being analyzed using photolumi-
nescence spectroscopy.

TABLE 1. Key growth parameters of samples being investigated in the present work.

Flux (mbar)
Sample Growth T (°C) N, flow (sccm) Al Ga
A 750 0.3 45%x107% 53x%x1077
B 680 0.3
C 680 0.6 53x10°% 98x10°°
D 680 0.65
E 680 0.75
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Figure 2(a) shows the comparison of room temperature PL char-
acteristics of three samples A, B, and C, wherein sample A was grown
under a metal rich regime (0.3 sccm N, flow) at a relatively higher tem-
perature, with similar conditions as reported in our previous work. For
sample B, the N, flow was kept the same; however the growth temper-
ature was reduced, and sample C was grown at similar growth temper-
ature as sample B but with a higher N, flow ~0.6sccm. It can be
clearly seen that the spectral linewidth of sample A is 2.3 times larger
than sample C, which exhibits a narrow linewidth of only 200 meV.
This asymmetric linewidth broadening toward the lower energy side
can be attributed to the formation of Ga-rich clusters in samples A and
B, which has been commonly observed in the growth of AlGaN under
M-rich conditions.”” The linewidth broadening further increases in
sample B, owing to increased Ga-clusters at a lower growth T under
the M-rich regime. However, increasing the N, flow at the lower
growth temperature, as in sample C, leads to a reduction of Ga-cluster
formation, as is evidenced by the decreasing PL linewidth. The varia-
tions in alloy composition were linked to the reduced mobility of Al
atoms due to the stronger AI-N bond in AlGaN, leading to Ga-rich
inter-domain regions.”" Thus, by minimizing such clusters, a high
spectral purity is obtained for the epitaxially grown films.

Figure 2(b) shows a comparison of room temperature PL character-
istics of three samples (samples C, D, and E) grown using an increasing
N, flow. It can be observed that for an increased N, flow beyond
0.6 sccm, as in sample D and sample E, a distinct secondary peak (P,) of
~280nm is observed apart from the band edge transition peak at
260 nm (P;). This may be attributable to the formation of Al vacancy as
has been commonly observed for high Al content AlGaN samples grown
under N-rich growth conditions, however, this warrants further investi-
gation to determine the exact nature of this peak.”””* Upon fitting the PL
data, it is found that the integrated intensity ratio (P1/P2) is 77 for sam-
ple C, implying that such a defect related emission is hardly noticeable.
However, for sample D, it is 1.51, and for sample E, it further drops to
0.86. Furthermore, the overall integrated intensity of the band edge pho-
toluminescence emission is 20 times higher for sample C compared with
sample E. A significantly high radiative recombination rate is achieved,
thus implying the reduction of significant defects or dislocations in the
epitaxially grown AlGaN films under optimized conditions. This indi-
cates that the band edge peak starts to dominate as we reduce the N,
flow rate. However, a sufficiently high N, flow is required to minimize
the formation of Ga-rich clusters as has been previously observed in pho-
toluminescence studies of high Al content (x > 0.5) AlGaN films.™

(a) (b)

ARTICLE pubs.aip.org/aip/apl

Reducing Al vacancies is known to directly impact the doping
concentration of the films. Studies indicate that a decrease in group
III-vacancies leads to reduced self-compensation in highly silicon-
doped AlGaN epilayers.”” To analyze the impact of growth conditions
on the Si doping limits of the samples, two sets of growth conditions
were considered: Condition A: high metal flux and low N, flow (simi-
lar to sample A) and Condition B: low metal flux and relatively high
N, flow (similar to sample C), as described in Table I. Six samples
were grown for each of these two conditions (Al, ..., A6) and (C1, ...,
C6), with the Si cell temperatures varied from 1200 °C to 1360 °C. Ti
(10nm)/Au (100 nm) electrodes were patterned by photolithography
in the standard van der Pauw configuration, and Hall measurements
were carried out to determine the carrier concentration, mobility, and
resistivity of the AlGaN epilayers in each of these samples.

As can be seen in Fig. 3(a), the carrier concentration steadily
increases as we increase the Si cell temperature, indicating proportion-
ate carrier incorporation and activation in the AlGaN film. Even
though a similar carrier concentration is achieved for a Si cell tempera-
ture of 1200 °C for both the growth conditions, the rate of increase in
carrier concentration with increasing Si cell temperature is much more
pronounced in Condition B compared to Condition A. The highest
electron concentration is ~1.8 x 10°*cm ™ in Condition B, indicating
highly efficient doping incorporation and activation in the optimized
epitaxial conditions. On the high doping side, the formation of metal
vacancy-related point defects along with the growth temperature deter-
mines the limit for the maximum achievable carrier concentration. In
our optimized growth conditions, suppressing such metal vacancies is
achieved as discussed in Figs. 2(a) and 2(b), and the growth tempera-
ture is lower than in Condition A, thus avoiding the self-compensation
of Si by the formation of DX centers, as has been observed in previous
studies.””” However, when upon exceeding the upper doping limit
with silicon (Si), the surplus Si incorporated creates an acceptor state,
compensating for the remaining Si donors. This emphasizes the crucial
role of self-compensation at higher Si levels, ultimately defining the
upper doping limit for silicon in this context. As a result, heavily Si-
doped AlGaN demonstrates elevated resistivity attributed to a substan-
tial decrease in electron concentration.”””* A similar “knee-behavior”
is clearly observed for our samples at a Si cell temperature of
~1330°C, above which the carrier concentration drops sharply for
both groups of samples. This drop in carrier concentration is primarily
attributed to the formation of Viy—nSiy; complexes at elevated Si dop-
ing levels. Figure 3(b) shows the mobility of samples in the two growth

Sample C
P, —— Sample D
: ——Sample E FIG. 2. Photoluminescence spectroscopy
results showing the room-temperature
emission for (a) samples A, B, and C, with
the band edge transition peak at 260 nm
(P4) and a clear asymmetric broadening
observed for samples A and B. (b)
Photoluminescence spectra of samples C,
D and E showing the presence of a dis-
tinct secondary peak P, ~280nm for
samples D and E.
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FIG. 3. Comparative analysis of (a) electron concentration, (b) mobility, and (c) resistivity of AlGaN epilayers grown under Condition A and Condition B as a function of Si cell
temperature. (Note: Six samples were grown for each of these two conditions (A1, ..., AB) and (C1, ..., C6), with the Si cell temperatures varied from 1200 to 1360 °C).

conditions as a function of Si cell temperature. The highest recorded
value of mobility for Condition B is 45cm?/V-s at a corresponding
electron concentration of 2 x 10" cm ™, whereas for Condition A, it is
only ~20cm?/V-s. Even for the highest recorded electron concentra-
tion of 1.8 x 10®°cm 3, the mobility is sustained at 34 cm?/Vs.
Carbon has been identified as a species with a negative charge state
(Cy) in n-type ITI-Ns that can act as a compensator and often result in
a mobility collapse.”*”” The optimized growth conditions with a higher
N, flow has been effective in suppressing the incorporation of Cy in
AlGaN epilayers, thus resulting in enhanced mobility values. As seen
in the plot of resistivity as a function of Si cell temperature in Fig. 3(c),
the lowest recorded room temperature resistivity value is 1 mQ-cm.
This value is ~3 times lower than the lowest reported resistivity in
similar Al content AlGaN reported to date. The lowest resistivity was
recorded for Si cell temperature of ~1330 °C, beyond which the resis-
tivity increases sharply, consistent with the observed “knee-behavior”
in the electron concentration. Moreover, dislocations play a critical
role in determining the resistivity of a sample, with an equivalent
acceptor concentration equal to their density.”® The growth of N-polar
AlGaN with an AIN buffer on SiC offers <1% lattice mismatch, result-
ing in highly reduced dislocation densities. Moreover, the observed
low variation in carrier concentration (n) and resistivity (p) originates
from the semi-metallic state owing to the high doping concentration
used in this study. In our previous study on the Si doping of N-polar
AlGaN, a similar heterostructure was utilized, and we observed signifi-
cant yet controllable variation in carrier concentration (n) and resistiv-
ity (p).” However, it is noteworthy that the doping concentration
employed in that study was not as high as that used in the present
investigation. There exists an AIN/AIGaN interface within the hetero-
structure that could potentially influence the depicted charge transport
characteristics in this manuscript.”” Given that the carrier concentra-
tion obtained in this study is substantially higher than that in our pre-
vious research, it can be deduced that the interface plays a less
significant role in modulating the charge transport properties.

To gain further insight into the carrier transport mechanism of the
lowest resistivity high Al content AlGaN epilayers obtained in this film
(Condition B, Ts; . = 1330 °C), temperature-dependent Hall effect mea-
surements were performed in a Quantum Design physical property

measurement system (PPMS), and the sample was configured in the
standard van der Pauw geometry. The sample was held at each tempera-
ture for 30 min prior to measurement to allow for adequate environmen-
tal equilibration, starting at 10 K. The temperature was increased at a rate
of 5 K/min between measurements. Sheet resistance and Hall effect mea-
surements were performed using a Keithley 2450 to source and sense the
signals and Keithley 3706A-S to switch between the various van der
Pauw configurations. The source current ranged between 100 pA and
1mA for each sample. The magnetic field was swept from +0.32T to
—0.32T in increments of 2 mT for the Hall effect measurements.

At high Si doping levels, transition to a metallic state is observed
for AlGaN films, wherein the activation energy (E,) falls to ~0 meV.
As the conduction does not rely on thermal activation of electrons, the
conductivity remains relatively independent of temperature. The
incorporation of Si is almost similar to the measured electron concen-
tration, owing to Mott transition induced semi-metallic conductivity
state, as has been reported in some previous studies.'” From the
Arrhenius plot in Fig. 4(a), the carrier concentration is constant at
~1.8 x 10®°cm 3, i.e, the slope (E,) is found to be 0 meV, thus indi-
cating a clear transition to the metallic state. Moreover, at high doping
levels, as the Mott conduction dominates, it strongly reduces the tem-
perature dependence of transport, so mobility stays relatively constant.
A similar trend has been observed for our films, with the mobility
being constant at 34 cm?/V-s, throughout the temperature range, as
seen in Fig. 4(b). Figure 4(c) shows the sheet resistance of the AlGaN
film to be exceptionally low at ~48 Q/sq.

Moreover, the sheet resistance does not increase with decrease in
temperature, as is generally expected for moderately doped AlGaN
films. Finally, we present a benchmarking of the free electron concen-
tration and resistivity of the AlGaN films with some other reports in lit-
erature, as shown in Fig. 4(d).%'>*%?*7%*%"%* Note that this comparison
includes Si-doped AlGaN films, either M-polar or N-polar, albeit with a
similar Al content. It is evident from this study that the recorded lowest
resistivity value of 1 mQ-cm exceeds the best results documented in the
literature for high Al content (~60%) AlGaN to the best of our knowl-
edge, considering both carrier concentration and resistivity.

In conclusion, we present an effective route to realize high Al
content, highly conductive N-polar AlGaN films on 4H-SiC substrates.
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FIG. 4. Temperature dependent Hall measurements showing the independence of (a) electron concentration, (b) mobility, and (c) sheet resistance with varying temperatures for
the optimized growth conditions (sample C with Tg; .oy = 1330 °C) showing, suggesting the attainment of Mott transition induced metallic conductivity state for heavily doped
AlGaN:Si films. (d) Comparison of the free electron concentration and resistivity of our Si-doped AlGaN films with some other reports in literature.

The epitaxially grown films show smooth surface morphology, and
optimization of growth conditions has led to the identification of a
growth window, which helps minimize the formation of both Ga-
rich clusters and Al vacancies. Owing to the highly efficient doping,
Mott transition to the semi-metallic state has been achieved in this
work, with an exceptionally high free electron concentration and the
lowest recorded resistivity till date to the best of our knowledge. The
highly conductive high Al content AlGaN epilayers can be translated
to low-resistance regrown contact regions in AlGaN channel
HEMTSs. Therefore, this study is instrumental for the development of
high-power RF and millimeter-wave HEMTs, which may also prove
valuable in enhancing the breakdown voltages for power switching
applications due to the ultrawide bandgap of AlGaN.
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