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Abstract: Highly conductive silicon-doped AlGaN and ohmic contacts are needed for deep-UV
LEDs and ultrawide bandgap electronics. We demonstrate improved n-Alg ¢5Gag 35N films grown
by metal-organic chemical vapor deposition (MOCVD) on sapphire substrates using a low V/III
ratio (V/III = 10). A reduced V/III ratio improves repeatability and uniformity by allowing a wider
range of silicon precursor flow conditions. Al,Ga;_,N:Si with x > 0.5 typically has an electron
concentration vs. silicon concentration trend that peaks at a particular “knee” value before dropping
sharply as [Si] continues to increase (self-compensation). The Aljg5Gag35N:Si grown under the
lowest V/III conditions in this study does not show the typical knee behavior, and instead, it has
a flat electron concentration trend for [Si] > 3 x 10! cm 3. Resistivities as low as 4 mQ-cm were
achieved, with corresponding electron mobility of 40 cm?/Vs. AFM and TEM confirm that surface
morphology and dislocation density are not degraded by these growth conditions. Furthermore, we
report vanadium-based ohmic contacts with a resistivity of 7 x 107> Q-cm? to AlGaN films grown
using a low V/III ratio. Lastly, we use these highly conductive silicon-doped layers to demonstrate a
284 nm UV LED with an operating voltage of 7.99 V at 20 A/ cm?, with peak EQE and WPE of 3.5%
and 2.7%, respectively.

Keywords: ultraviolet LED; IlI-nitride; AIGaN; MOCVD; ultrawide bandgap; self-compensation

1. Introduction

Ultrawide bandgap semiconductors are one of the fastest growing areas of semiconduc-
tor research and device commercialization. Applications of ultrawide bandgap materials
include high voltage, high temperature, radiation-hard electronic devices, radio-frequency
devices and integrated circuits, gas-phase chemical detection, and deep ultraviolet (UV)
optoelectronics [1,2]. The most well understood and commercially produced ultrawide
bandgap material is Al,Ga;_,N, which can be grown epitaxially with high quality on com-
mercially available substrates and has a tunable bandgap between 6.2 eV (AIN) and 3.4 eV
(GaN). This allows the fabrication of LEDs and laser diodes with emission wavelengths
spanning the UV-A, UV-B, and UV-C bands.

High-voltage electronics based on AlGaN have already demonstrated outstanding
critical breakdown field values, and they are mostly limited by series resistance and
mobility constraints due to high contact resistance and bulk n-type resistivity of AlGaN
with an Al molar fraction above 50%. The cost per watt of germicidal ultraviolet (GUV)
LEDs has decreased by a factor of 500 in the past decade due to several breakthroughs in
AlGaN material quality, electrical conductivity, optical quality, and device design, but it is
still 100 times higher than the current incumbent GUV technology: Hg vapor lamps. To
enable increased GUV LED adoption, additional advances are needed, especially regarding
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optical transparency (light extraction efficiency) and driving voltage (electrical or voltage
efficiency).

One significant contribution to GUV LED driving voltage comes from the n-side series
resistance. This includes the ohmic contact and n-Al,Ga;_,N current spreading layer (in
which the Al-molar fraction, x, must be greater than 65% for GUV-transparency), wherein
electrical current spreads over tens or hundreds of microns to the center of the LED mesa.
More importantly, high n-AlGaN sheet resistance values result in current crowding, which
occurs when the lateral resistance is high compared to the vertical (p-side) resistance. The
characteristic current spreading length and series resistance are proportional to R, ~1/2
and Ry}, respectively (wherein Ry, is the sheet resistance of the n-AlGaN layer, Ry, = p/t,
where p is the electrical resistivity and ¢ is the n-AlGaN thickness). We estimate that a
sheet resistance of no more than 100 (2/[J is needed to enable uniform, low-voltage-drop
current injection (without n-side current crowding) in UV LEDs with mesa sizes on the
order of 0.1 mm? [3]. Bulk n-type resistivity can be written as p~1 = enp, where e is the
electron charge, n is the electron concentration, and p is the electron mobility. Thus, the
sheet resistance can be reduced by (1) increasing the n-AlGaN thickness, (2) increasing the
electron concentration, and (3) increasing the electron mobility.

There are some reports of deep UV optoelectronic devices with very thick n-AlGaN [4-6],
showing that it is feasible to produce high-WPE devices using this approach, but there are
some risks to growing n-AlGaN to thicknesses greater than 1 pm. First, any optical ab-
sorption will be increased with layer thickness. Second, dislocation inclination in epitaxial
Si-doped AlGaN is known to lead to residual tension causing wafer bow or cracking [7-9],
which are detrimental to device operation. Third, if growth conditions are not precisely
optimized, surface morphology may worsen with increasing thickness, degrading active
region performance. Thus, there is a benefit to decreasing n-AlGaN resistivity rather than
increasing the thickness of the layer greatly.

Electron mobility in highly conductive n-AlGaN is lower than in GaN: it is typi-
cally between 5 and 100 cm?/Vs in material used for GUV LEDs. As a result, electron
concentrations (and thus, silicon concentrations) must be above 10? cm ™ for low resis-
tivity. Arbitrarily high [Si] can be achieved by metal-organic chemical vapor deposition
(MOCVD), but above some threshold [Si], additional impurity incorporation ceases to
provide additional free electrons. For very high [Si], there is usually an inversion of the
relationship between [Si] and #n, meaning that the additional Si atoms above this threshold
either cease to act as shallow donors or are compensated by acceptor defects [10-13]. This
threshold effect is referred to in the literature as self-compensation or knee behavior. The
threshold or knee [Si] value above which self-compensation begins can be altered via tuning
of the growth conditions. Therefore, methods for MOCVD growth of highly conductive
AlGaN depend on the development of growth conditions that maximize [Si] incorporation
while remaining below the self-compensation threshold.

We have recently demonstrated that the self-compensation behavior of Al g5Gag 35N
has a strong dependence on growth temperature and growth rate [14], which is in agree-
ment with recent theoretical [15] and experimental reports [12,16-18]. In this work, we
show that the V/III ratio during MOCVD growth has a similarly important effect. In partic-
ular, we find that growth at low V/III ratios below 100 enables electron concentrations up
to 3 x 10" cm~3, without any evidence of knee behavior. At more conventional V /III ratios
above 100, we find a typical self-compensation behavior with sensitive dependence of
electron concentration on silicon precursor flow. Next, we develop low-contact-resistivity
ohmic contacts using a vanadium-based multilayer stack and rapid thermal annealing, and
we demonstrate a UV LED grown on this n-AlGaN layer with an emission wavelength of
284 nm and a voltage efficiency above 50% at 20 A/cm?.
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2. Materials and Methods

Nitride films were grown by MOCVD with trimethylaluminum (TMA) and trimethyl-
gallium (TMG) group III precursors, disilane (Si;Hg) for n-type doping, and NHj3, under
a hydrogen carrier gas. Trimethylindium (TMI) was also used as a surfactant to improve
surface morphology and conductivity [14]. AIN/sapphire templates were supplied by
Enkris Semi. Inc. and Kyma Tech. Inc. First, 150 nm thick AIN buffer layers were deposited,
followed by 50 nm thick undoped Alyg5Gag 15N interlayers. Next, Si-doped Al ¢5Gag 35N
films up to 700 nm thick were grown using a thermocouple temperature of 1200 °C and
reactor pressure of 20 kPa. Three different NH3 flow rates of 4 sccm, 20 sccm, and 40 sccm
were used, corresponding to molar V/III ratios of 10, 119, and 277, respectively. Reactor
pressures and V/III ratios are not universally reported in the high-Al AlGaN literature;
based on the limited number of reports, we expect that these are among the highest pressure
and lowest V/III ratios reported for highly conductive Al,Ga;_,N with x > 0.5.

Samples were fabricated into Van der Pauw patterns for Hall measurements and circu-
lar transmission line method (CTLM) structures for characterizing contact resistivity. Dry
etching was performed using SiCls-based reactive ion etching, and contacts were deposited
using electron beam deposition and then annealed using a rapid thermal annealing (RTA)
system under N, ambient at temperatures between 700 and 940 °C for 30 seconds. The
UV LED sample was further processed using a semi-transparent thin metal contact (2 nm
Ni/3 nm Pt) and thick p-side contact pad (10 nm Ti/300 nm Au).

Hall measurements were conducted using both annealed V-based contacts and sol-
dered indium contacts. Lithographically defined Van der Pauw structures enable precise,
local measurements of carrier concentration and mobility, whereas indium contacts pro-
vide approximate, average values across the entire epitaxy surface. Magnetic fields of
+£0.2T, £0.4 T, and 0.6 T were used with currents up to 0.1 mA. Good agreement (<5%
variation) was found between both contact types and all magnetic fields, indicating good
epitaxial uniformity.

Contact resistivity was measured by the CTLM method [19] with currents up to
500 mA, constant inner pad radius, L, and varying gap distance, d. The contact resistivity,
R, can be calculated from total resistance values, R, using the full CTLM solution:

I £ Ko( 54 i
R LLIH (LLfd)Klg%gﬂn(L; V. o
via
Rc = L3Ry, ()

where L7 is the transfer length and Ry, is the sheet resistance of the film. I, I1, Ko, and K3
are the hyperbolic Bessel function solutions of the first kind and second kind.

Atomic force microscopy (AFM) was carried out using an Asylum MFP-3D in AC
mode with a high-stiffness cantilever. High-angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) and Energy-Dispersive X-ray Spectroscopy
(EDS) mapping were performed with a ThermoFisher Talos G2 200X TEM/STEM (Thermo
Scientific, Santa Clara, CA, USA) system operated at 200 kV. The sample for HAADEF-
STEM and EDS was prepared by the focused ion beam (FIB) technique with an FEI Helios
Dualbeam Nanolab 600 instrument (Thermo Scientific, Santa Clara, CA, USA).

The alloy composition and degree of relaxation were confirmed by high resolution
X-ray diffraction using the reciprocal space mapping (RSM) technique near the AlGaN and
AIN (105) reflections. The incident beam was conditioned using an intensifier and Ge (220)
two-bounce nondispersive monochromator, and the diffracted beam was collected using a
Rigaku HyPix array detector. RSM data (not shown) indicate a low degree of relaxation
for the n-AlGaN layers studied in this report. Dynamic secondary ion mass spectroscopy
(using a Cameca IMS 7f auto SIMS, AMETEK, Inc., Berwyn, PA, USA) with a magnetic-
sector mass filter was used to measure the concentration of Si and other impurities in
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AlGaN films. The Cs* primary beam energy was 15 kV, and measurements were performed
using high mass resolution to distinguish between 28Si, Ny, and 2’ AI'H ions.

UV LED characteristics were measured using a Keithley source-meter, 75 mm diameter
integrating sphere, and spectrophotometer recently calibrated by Instrument Systems.
Calibration was confirmed by comparison with commercially available UV-B and UV-C
LEDs. Power and voltage were measured under continuous current-supply conditions,
using auto-ranging integration times between 1 and 5 s.

3. Results

We report the effect of the molar ratio of group V (NH3) and group III (TMA and TMG)
MOCVD precursors, known as the V/III ratio, on the composition and n-type conductivity
of AlyGaj_,N:Si with x = 0.65 £ 0.05. First, the relationship between NH3 flow and molar
efficiency for both TMG and TMA precursors was investigated to determine the proper
growth conditions for 65% AlGaN with a constant growth rate (GR) around 2 A /s over
a wide range of V/IIl ratios. It was found that V/III had some effect on GR, such that a
decrease of about a factor of one-half in TMA was needed to maintain constant GR and
composition at the highest NH3 values. On the other hand, the necessary TMG to maintain
65% composition reduced by nearly an order of magnitude between NHj3 flows of 4 sccm
and 400 sccm (corresponding to V/III of 10 and 6000, respectively). As NH; flow was
increased further above 400 sccm, the necessary TMG flow increased again. Data for the
TMG flow needed to maintain 65% Al are shown in Figure 1.
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Figure 1. TMG flow needed to achieve 65% AlGaN over a wide range of ammonia flow levels, while
adjusting the TMA flow between 2 and 4 sccm to maintain a constant growth rate around 2 A/s.
Data span V/III ratios from 10 to 16,000.

Next, the effect of disilane flow on Si incorporation was investigated under various
V/1II conditions. A steady increase in Si incorporation with increasing disilane flow (as
shown in Figure 2, with log-linear trendlines to guide the eye) was observed for all growth
conditions investigated here. For V/III ratios > 1000, no highly conductive films were
observed under these temperature and growth rate conditions. In the three low V/III
conditions shown in Figure 2, increasing [Si] > 3 x 10!? cm ™ failed to increase the electron
concentration, 7, in the material. Instead, the additional silicon either led to a knee behavior
(in the V/III =119 and 277 cases), or to a saturation in electron concentration (in the
V/1III = 10 case). Additional SIMS data (not shown) confirmed that [C] incorporation was
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too low to account for the observed compensation, and the threading dislocation density
was low enough that compensation by dislocations could be neglected [15]. The lowest
achieved resistivity using V/III = 10 was 4 mQ)-cm for 65% Al molar fraction, with samples
above 70% Al exhibiting resistivities as low as 9 mQ)-cm. The growth window—i.e., the
range of disilane/IIl molar ratios over which p < 10 mQ)-cm was achieved—was 5 x 104
for V/III = 10 but narrowed to <10~* for V/III > 100.
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Figure 2. Resistivity, electron mobility, electron concentration (Hall), and silicon concentration (SIMS) for the three lowest

V/1II ratio conditions investigated. In all cases, [Si] increased monotonically with disilane flow. Knee behavior in electron

concentration was observed for V/III > 100 but not for V/III = 10. Knee behavior also corresponds to drastic reduction in
mobility for V/III > 100, which is in contrast to the gradual change in mobility for V/III = 10. As a result of the qualitative
differences in electron concentration and mobility trends, growths at V/III = 10 show a much wider doping window than

growths at V/III > 100.

For V/III ratios > 100, the inversion of the [Si] vs. n relation also corresponds to a
sharp reduction in electron mobility from around 40 cm?/Vs to below 10 cm?/Vs. As a
result, the window of optimal doping conditions was quite narrow, since both electron
concentration and mobility sharply decreased above the self-compensation threshold. In
contrast, there was only a very slight reduction in electron mobility at high [Si] levels in the
V/II = 10 growths—thus resulting in a wider doping window.

AFM (Figure 3) shows the effect of V/III ratio on surface morphology. The initial
MOCVD-grown AIN bulffer layer had an atomically flat surface with sub-nanometer RMS
roughness and evidence of a smooth step-flow growth mode. AlGaN:Si grown under the
lowest V/III conditions had an undulating or hillock morphology, which is atomically
flat on a local, sub-um length scale. Most hillocks appear to be terminated by a small pit,
which is indicative of a dislocation-mediated hillock step flow growth mechanism [20-22].
A mixture of pits with and without step termination (indicative of screw-component and
pure-edge dislocations, respectively) was observed on closer inspection (not shown). For
V/III ratios > 100, the width and height of the hillock features increased, leading to a
rougher morphology with sharper features more typical of highly Si doped AlGaN [16,23].
RMS roughness values of approximately 4 nm, 5 nm, and 6 nm were calculated for n-
AlGaN films grown under V/III = 10, 119, and 277, respectively. Smoother morphology
could be achieved by, e.g., increasing growth temperature, increasing V/III, or reducing
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growth rate, but these changes lead to reduced conductivity [14]. We show below that the
morphology for V/III = 10 is sufficiently smooth to enable efficient UV LED operation.

AlGaN: V/III=119

Figure 3. AFM micrographs of AIN and AlGaN:Si surfaces as grown by MOCVD. With V/III = 10, the atomic step-terrace
structure provides evidence of optimal step-flow growth mode. AlGaN:Si grown with higher NH3 flow shows a large-hillock
morphology RMS roughness not exceeding 6 nm. Scale bars 1 pm.

Electron microscopy images of a sample with an undoped interlayer and two thick
n-AlGaN layers with different compositions are shown in Figure 4. Cross-sectional TEM
confirmed that the growth of AlGaN occurred coherently on the AIN template, and there
was no generation of additional dislocations at the AlGaN/AIN interface. TEM-EDS
indicated smooth, sharp interfaces between regions of different AlGaN molar composition
and spatially uniform compositions. The undulating morphology of the thick AlGaN:Si
layer can be observed most clearly in the Ga signal. The interface between the topmost
AlGaN layer and the layer below it appears less sharp due to surface roughness.

500.nm 500 nm

Figure 4. TEM and EDS images of a sample comprising two thick Si:AlGaN layers grown with
V/III = 10, above a thin UID interlayer, an AIN template, and a sapphire substrate. No additional
threading dislocations are formed at the AlIGaN/AIN interface, and heterointerfaces are abrupt.
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Using the optimized AlGaN:Si conditions shown in Figure 2, with V/III = 10, we next
compared various ohmic contact formation methods to produce low-resistance contacts. It
is well known that Ti-based ohmic contacts (such as those used for n-GaN) fail to produce
low-resistance ohmic contacts for Al,Ga;_,N with x > 0.6. In Figure 5a, we compare the
ohmic contact behavior for various Ti- and V-based metal stacks, all annealed at 900 °C.
By replacing the Ti contact layer (the first deposited layer) with V, contact resistance is
greatly improved [24]. Next, the diffusion barrier layer (third deposited layer) was varied.
Replacing the V barrier with a Ni barrier again greatly improved the contact resistance,
perhaps because it reduced the intermixing between Au and Al. Increasing the Ni thickness
from 20 to 150 nm did not provide any additional benefit. Increasing the Ni thickness
further is not advisable due to the high internal stresses present in electron-beam deposited
Ni films, which sometimes lead to delamination.

300 T 1 Tt 1 T 1 T 1 T LI 300 | L L D D

| [—— V/AUNi/Au 15/80/20/300 l ——720°C ;
—— V/AUNi/Au 15/80/150/300 _830°

200 H V/AI/V;Auu15/80/20/300 7] 200 Sggog 7]
-l —— Ti/Al/Ni/Au 10/80/150/300 / - —_o40°C '
< 100 - < 100} -
E | E i -
g Of ) g OF )
o - ' o - .
S5 -100} - 5 -100} -
&) | | O i |
-200} - -200 | -

_300 - 1 - 1 . 1 . 1 . 1.1 _300 L 1 5 1 5 1 . 1 ., 1 .1

3 -2 -1 0 1 2 3 3 -2 -1 0 1 2 3

Voltage (V) Voltage (V)

(a) (b)

Figure 5. Ohmic contacts to n-Alg ¢5Gag 35N for different metal stacks and rapid thermal annealing conditions. (a) The
thickness (values given in nm) and type of metal used for the diffusion barrier has a strong effect on contact resistance, with
Ni-containing stacks significantly outperforming V/Al/V/Au stacks; (b) the optimal annealing temperature was found to

be 900 °C.

An annealing temperature of 900 °C was found to be optimal for the ohmic contacts
investigated in this work, as shown in Figure 5b. Annealing above or below this tempera-
ture diminished the ohmic character of the contacts and increased the contact resistivity.
The sensitivity of V-based contacts to annealing temperature is a matter of debate, but it
may be related to the formation of donor-like nitrogen vacancies near the surface of the
semiconductor [25].

Finally, using the most optimized Si:AlGaN films and ohmic contacts, we used the
CTLM method to calculate the contact resistance, as detailed in Figure 6. Using Equations
(1) and (2), we calculate a contact resistance of 7 x 107> Q-cm? and a sheet resistance of
90 (3/00. This sheet resistance is in good agreement with the sheet resistance determined
by the Van der Pauw method, as shown in Figure 2, and it is sufficiently low to prevent
current crowding in a UV LED device.
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Figure 6. Details of CTLM measurement and data for a V-based ohmic contact to n-AlGaN. Linear
fits (not shown) to the IV data (solid lines) for the CTLM patterns of varying gap length, d, and inner
radius, L, (see inset schematic) were used to extract resistance values, plotted (square symbols) in the
inset. These resistance values were fit to Equation (1) (dashed curve) to determine the sheet resistance
using Equation (2).

To demonstrate that the conductivity, structural quality, and smoothness of the op-
timized n-AlGaN layer was sufficient for UV LED operation, a device-active region and
hole injection structure as described previously [26] were deposited atop this n-AlGaN
layer. This UV LED device was processed and packaged using a novel high-LEE archi-
tecture, which will be described in a future communication. Due to the low sheet and
contact resistances of the n-side of the device, the LED had an operating voltage below
8 V, which was expected to be mostly limited by the p-side contact. This 284 nm device
achieved 2.5 mW of output power with peak EQE and WPE of 3.5% and 2.7%, respectively.
The voltage efficiency was 81% at peak WPE and 54% at 20 A/cm?. Voltage, power, and
efficiency data are shown in Figure 7. A microscope image taken during an on-wafer device
testing (Figure 7b, inset) shows uniform current injection, confirming that the n-AlGaN
sheet resistance is sufficiently low to prevent current crowding.

10 I L] L L L 30 4 L L L] I I
sl 425
ﬁ" 1 . _3F
< .-t 120= X
P 1..E &
> / 1155 c2}
= g 0
S 4F 5 3 1=
> Z 410 7
5 1 1k
2f Bl ———do0s5
200 300 400 500 600
Wavelength (nm) 1
O L PR R T T RN T N A | OO OI.-..I.-..I.-.-I.-.-I
0 5 10 15 20 0 5 10 15 20
Current (mA) Current Density (A/cm?)
(@) (b)

Figure 7. A 284 nm UV LED employing the n-AlGaN layer described in this report. (a) Voltage and output power versus
current, inset: spectrum showing sharp peak at 284 nm, and no observable UV-A or visible parasitic emission. Operating
voltage is below 8V, providing a voltage efficiency of 54% at 20 A/ cm?. (b) External quantum efficiency (EQE) and wall plug
efficiency (WPE) of the UV LED versus current density, inset: microscope image of operating UV LED showing uniform
emission pattern with 500 um scale bar.
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4. Discussion

The knee behavior in silicon-doped Al,Gaj_,N with x > 0.6 is well studied and nearly
universally observed in heavily Si-doped samples. Some early reports found knee behavior
above [Si] ~2 x 1018 cm ™3 (x = 0.6) [27] or as low as 4 x 10Y em ™3 (x = 0.54) [11]. Decreased
growth temperature and V/Ill ratio both lead to less abrupt knee characteristics with higher
threshold [Si] values, with recent reports confirming successful [Si] doping above 101 cm 3
via optimized growth conditions [12,14-18]. Extrinsic impurities can be ruled out as the
major compensating defects in heavily doped AlGaN:Si using SIMS [10-12,14,27]. Donor
compensation in n-AlGaN is most likely due to group-IlI vacancies (Vi) and perhaps
vacancy complexes (Vi-X, e.g., Vii-Sipr). Vacancy concentrations can be quantified in
order-of-magnitude terms by positron annihilation spectroscopy (PAS), if certain assump-
tions are made about the properties of the predicted vacancies and complexes [27,28].
Uedono et al. found a decrease in luminescence lifetimes [27] and increased PAS signature
of Vi1 in AlGaN with increased Si doping, suggesting Vi-Sipp complexes as the likely
explanation [11].

We find for the first time that using a V/III ratio < 100 greatly reduces the self-
compensation effect, producing an n vs. [Si] vs. relation, which flattens at around
n =3 x 10! cm~3 rather than decreasing (no knee behavior). By growing with an ele-
vated reactor pressure of 20 kPa (150 Torr), the thermodynamic driving force for AlIGaN
growth can be increased without the need for an increased V/III ratio [29]. We speculate
that the use of elevated reactor pressures enables the growth of AlGaN at very low V/III
ratios below 100, which may not be feasible at more typical reactor pressures used for
AlGaN (<5 kPa).

There are few reports of the dependence of mobility on silicon concentration in heavily
Si-doped n-AlGaN samples [30-32]. As shown in Figure 2, the mobility trend appears
to correspond qualitatively with the knee behavior in the electron concentration trends.
In both the moderate V/III datasets, the onset of knee behavior in electron concentration
clearly accompanies a sharp drop in electron mobility. This order-of-magnitude decrease
in mobility is attributed to ionized impurity scattering, which is most likely due to the
same compensating defects that reduce the electron concentration. In the lowest V/III
dataset, there is no drastic drop in electron mobility. This is in good agreement with the
trend in electron concentration, which does not suggest there is any significant formation
of charged compensating defects above [Si] = 3 x 10" cm~3. The lack of knee behavior
in electron concentration, combined with the more gradual decrease in mobility, leads to
a much wider doping window in the lowest V/III condition, improving the repeatability
and uniformity of the process.

It is plausible that the excess silicon atoms above ~3 x 10!* cm~3 in the V/III = 10
case (which do not contribute free electrons) may be incorporating in some neutral defect
configuration; this would explain the lack of donor compensation and the much weaker
reduction in mobility. Harris et al. have proposed that numerous Vyj; + nSij; complexes are
stable in n-type AlGaN [28]. Whereas Vj; + 1Sij; and Vi + 25i; are acceptors in n-type
AlGaN, Vpjr + 3Sijy; is most stable in a charge-neutral configuration. It may be the case
that the extreme conditions present in the lowest V/III environment with high reactor
pressure, TMI surfactant, and high disilane injection promote the formation of Vyjy + 3Sij;
or some other neutral vacancy complex not routinely observed under conventional growth
conditions for n-AlGaN (pressures below 5 kPa, V/III > 500, silane precursor, and no
TMI surfactant).

To the authors” knowledge, this is the first report of highly conductive Al,Ga;_,N
with x > 0.5 using a disilane precursor. It is commonly reported that the pyrolysis of SiH, is
temperature-independent above 750 °C (and, therefore, that there should be no significant
advantage to using SipHjg), but this is strictly only true at atmospheric pressure. Under
low-pressure conditions such as those used for Al-rich AlGaN MOCVD, there may be some
temperature dependence for SiHy even above 1000 °C [33].
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There are many conflicting reports discussing the best metal stack and annealing
conditions for V-based ohmic contacts to n-AlGaN [25,34-36]. The success of V-based
ohmic contacts has historically been explained by the formation of VN, which has the
lowest work function (3.5 eV) of any experimentally investigated contact material (for
comparison, TaN, WN, MoN, TiN, Ti, and V all have work functions above 4 eV) [37]. On
the other hand, Sulmoni et al. [25] have recently reported that little or no VN is formed
at good ohmic contacts to n-AlGaN, and rather that a thin AIN layer is formed at the
contact interface. Reported V-based contact annealing temperatures usually range between
700 and 900 °C, with higher Al-content alloys requiring higher temperatures. It seems
that the optimal metallization and annealing conditions differ depending on the details
of the material (alloy composition, surface preparation [24,38], and doping level), and
that different metal stacks require different annealing conditions. Therefore, iterative and
empirical optimization is needed to achieve good ohmic contacts to n-AlGaN.

Growing under low V/III conditions leads to a hillock morphology that is atomically
flat on a local scale, but undulating over micron-length scales. We find that the surface
morphology can be restored to an atomically flat step-flow growth mode using a pulsed,
high-V/III condition (details will be provided in a future publication). In order to confirm
that this hillock morphology does not degrade multi-quantum well-active regions grown
above this Si-doped layer, we grew a UV LED structure including an active region, p-
AlGaN superlattice [26], and p-GaN contact layer above the Si:AlGaN layer. Our findings
show that good EQE and WPE can be achieved using this n-AlGaN growth condition.

5. Conclusions

We report that highly conductive n-type AlGaN alloys with an Al molar fraction
above 65% can be produced by MOCVD with V/III ratios < 100. We confirm that self-
compensation effects dominate the Si vs. n relation for [Si] > 3 x 10Y ¢m 3 for moderate
V /11l ratios > 100, but we do not observe any significant knee behavior for samples grown
with V/III = 10. As a result, the range of permissible disilane flow values yielding highly
conductive material is much wider at the lowest V/III conditions, enabling more repeatable
and uniform growths. We find that the elevated reactor pressure of 20 kPa, use of disilane
precursor, and use of TMI indium surfactant-assisted growth enable good material quality,
low [C] incorporation, and smooth surface morphology despite the low NHj flow and
reduced growth temperature.

We also find that V-based ohmic contacts to n-AlGaN can be made using optimized
metallization and annealing conditions, achieving a contact resistance of 7 x 107> Q-cm?.
With optimized n-AlGaN and ohmic contacts, we achieve a 284 nm UV LED with an
operating voltage below 8 V at 20 A /cm?, a peak EQE of 3.5%, and a peak WPE of 2.7%.
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