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Growth temperature dependence of Si doping efficiency and compensating
deep level defect incorporation in Aly 7Gag sN

Andrew M. Armstrong,® Michael W. Moseley, Andrew A. Allerman, Mary H. Crawford,

and Jonathan J. Wierer, Jr.

Sandia National Laboratories, Albuquerque, New Mexico 87185, USA
(Received 5 February 2015; accepted 25 April 2015; published online 11 May 2015)

The growth temperature dependence of Si doping efficiency and deep level defect formation was
investigated for n-type Aly;GagsN. It was observed that dopant compensation was greatly reduced
with reduced growth temperature. Deep level optical spectroscopy and lighted capacitance-voltage
were used to understand the role of acceptor-like deep level defects on doping efficiency. Deep
level defects were observed at 2.34eV, 3.56¢eV, and 4.74 eV below the conduction band minimum.
The latter two deep levels were identified as the major compensators because the reduction in their
concentrations at reduced growth temperature correlated closely with the concomitant increase in
free electron concentration. Possible mechanisms for the strong growth temperature dependence of
deep level formation are considered, including thermodynamically driven compensating defect for-
mation that can arise for a semiconductor with very large band gap energy, such as Aly,Gag3N.
©2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4920926]

I. INTRODUCTION

Interest is burgeoning in the potential for Al-rich AlIGaN
as a semiconductor for the next-generation power electronics
applications due to its very large band gap energy (Eg).l_5
Post-silicon power electronic devices based on GaN and SiC
wide band gap semiconductors (E, of 3.4eV and 3.2eV,
respectively) are reaching maturity, prompting consideration
of “ultra” wide band gap (UWBG) semiconductors such as
AlGa; N (E,=3.4 — 6.2¢eV) for further improvement of
power switching performance.* Power electronics benefit
from larger E, because the critical electric field scales as
E g2‘5 for direct band gap semiconductors,’ so the specific on-
resistance scales as Eg_7‘5 .” Moreover, very large Schottky
barrier energies in excess of 3 eV have been reported for Au/
Pt on AlysGagsN (Ref. 8) and 4.4eV for Ni/Au on
Alg g1Gag 1oN.? Such large barriers hold promise for achiev-
ing an intrinsically normally off AlGaN-based high electron
mobility transistor (HEMT).

Several materials challenges must be overcome before
high Al mole fraction Al,Ga; N (x > 0.5) can utilized in a
high performance power transistor. Foremost among these
is controlling dopant and defect incorporation. Spontaneous
formation of a two dimensional electron gas readily occurs
in unintentionally doped AlGaN/GaN HEMTs but has yet
to be realized for HEMTs with Al,Ga;_,N channel layers
with x >0.51.>" Thus, it appears that control of Al-rich
AlGa;_,N electrical properties may rely on impurity
doping, which 1is notoriously difficult in UWBG
semiconductors.”

Al,Ga;_,N becomes very difficult to dope n-type for
large x.'®!'" For x > 0.8, the main challenge to doping is the
large thermal ionization energy of the primary donor dopant,
Si. Si has been reported to undergo a DX transition near
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x=0.8, and the activation energy of the Si DX center
increases rapidly for x > 0.8 such that only a few percent of
the donors are ionized at room temperature.'”> For
Al,Ga;_,N x < 0.8, Si behaves as a shallow dopant, though
strong dopant compensation by deep acceptor-like defects
still occurs.>'*"'? Little is known about deep level defects in
Al,Ga,_ N for x approaching 0.8. Achieving a better under-
standing of the electrical properties of these compensating
defect centers and how their incorporation depends on
growth conditions will help to identify their physical source
and enable more efficient Al,Ga;_,N doping at large x.

This study examined the influence of growth tempera-
ture (T,) on doping efficiency mediated by deep level incor-
poration in n-type Alp;Gag3N:Si grown on sapphire by
metalorganic vapor phase epitaxy (MOVPE). Growth tem-
perature was considered to be a critical parameter because a
T,-mediated tradeoff was anticipated between morphological
and electrical quality in Al-rich AlGaN grown by MOVPE.
Higher T, was expected to improve surface morphology of
Al-rich AlGaN epilayers and the sharpness of AlGaN hetero-
interfaces, based on our observations of improved surface
morphology with higher T, for AIN epilayers grown on
sapphire (not shown). However, high T, could also increase
point defect formation and severely compensate dopants in
Al-rich AlGaN. AlGaN point defect incorporation at high
T, can be kinetically driven by processes such as Ga desorp-
tion from the surface, which leaves behind vacancies.
Thermodynamically driven defect formation also become
operable at high T,, where the large £, of UWBG semicon-
ductors like Al-rich AlIGaN can significantly reduce the for-
mation energy (') of compensating defects.’

This work used deep level optical spectroscopy (DLOS)
and lighted capacitance-voltage (LCV) to quantitatively cor-
relate the T,-dependence of point defect incorporation and
dopant compensation. It was found that the free carrier con-
centration (n) increased substantially with decreasing T,.
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Reduced compensation by deep acceptors was identified as
the mechanism for this trend because an observed decrease
in deep level defect concentration (NV,) with lower T, agreed
well with the concomitant increase in n. Carrier compensa-
tion was minimal for the lowest T, used in this study.

Il. SAMPLE PREPERATION

The Aly,Gag 3N epilayers under study were grown in a
Veeco D125 MOCVD at 75 Torr on a 1.5 um thick AIN layer
grown on c-plane sapphire mis-cut 0.15° toward the m-plane.
The n-Alg,Gag 3N epilayers of interest were grown to 1 um
thickness and doped with Si for a target electron concentra-
tion level of 2x 10®cm™>. Aly-GagsN epilayers were
grown at three different pyrometer temperatures, 1060 °C,
1120°C, and 1160 °C with respective V/III ratios of 1800,
1700, and 1400. The reduction of V/III ratio with higher T,
is a consequence of an increased gas-phase Ga molar flux
necessary to maintain a constant Ga film composition. As
expected, a reduction in hillock size and smoother surfaces
were observed for n-Aly;Gag3N:Si films grown at 1160 °C
compared to 1060 °C. However, both the electron concentra-
tion and electron mobility (1) measured by Hall effect
decreased with increased T,. Table I summarizes these
results. A higher »n in the film grown at 1160°C was not
achieved by adjusting the Si molar flux. While improving
surface morphology with higher T, is desirable, reductions
of n and p are problematic and were investigated further.

Schottky diodes were formed from films grown at the
end point temperatures of 1060°C and 1160°C to conduct
further electrical and deep level defect characterization to
understand this strong dependence of n and u on T,. Semi-
transparent 80 A Ni Schottky contacts were deposited on the
n-Alg7Gag ;N films, and ohmic contacts were established
using indium. Capacitance-voltage (CV) measurements were
performed to measure ionized donor concentration (N,) less
the compensating defect density (N; — N,) in the depletion
region. CV sweeps were conducted at 10 kHz to avoid prob-
lems with series resistance in the heavily compensated film.
The validity of the measured capacitance was confirmed by a
phase angle that remained near —90° for all bias values.
Table I shows the values for (V; — N,) that were determined
from CV, and these agreed with the respective n values mea-
sure by Hall effect. These data verified that, rather than
becoming a deep donor, Si dopants remained shallow at
higher T, The much lower n for the film grown at higher T,
therefore resulted from heavy compensation due to excess
point defect formation. Increasing point defect concentra-
tions also explain the reduction in p.

TABLE I. Summary of electronic properties of films as a function of 7.

T, (°C) 1 (cm?/V/s) n(cm™) (Ny—N)) (cm™)
1060 100 2.0x 10" 22x 10"
1120 71 1.1x 10" -

1170 41 2.9 x 10" 3.8 x 10"
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lll. RESULTS AND DISCUSSION
A. Deep level defect characterization

DLOS was performed to understand the strong depend-
ence of deep level incorporation on T, in these films. DLOS
measures the diode photocapacitance induced by monochro-
matic illumination with sub-band gap light. Photocapacitance
results from a change in space-charge following photoemis-
sion of a carrier from a deep level defect located in the deple-
tion region. The optical signature of the deep level the optical
cross-section (¢°) is defined as the optical emission rate at a
given photon energy (hv) normalized to the incident photon
flux (¢), which can be thought of physically as the optical ab-
sorbance of the deep level per unit defect. Spectral variation
of ¢° is measured from the time derivative of the photocapa-
citance transient at the onset of illumination divided by ¢.
Details of DLOS have been described previously in the litera-
ture.'> DLOS measurements were performed at 297K and
—6V using a Xe arc lamp source filtered through a !/4 meter
monochromator with mode-sorting filters. A 0V electrical fill
pulse was applied after illumination at each sv to re-populate
defects, followed by a 30s relaxation time to allow thermal
transients to saturate. Similar to CV measurements, photoca-
pacitance transients were recorded at 10kHz using a lock-in
amplifier and digitized using an oscilloscope.

Figure 1 shows the DLOS spectra of the n-Aly;GagsN
films grown at 1060°C and 1160°C. Bandedge absorption
causes a saturation in both DLOS spectra at hiv = E, =4.95¢€V.
Thresholds in the DLOS data in the T, = 1160°C film at sub-
gap hv near 1.8eV, 3.1eV, and 4.7eV arise from optical
absorption by deep level defects. These deep level spectra were
fit simultaneously using the model of Pissler'* for phonon-
assisted defect absorption to determine the optical ionization
energy (E,) and the Franck-Condon energy (dyc) of the defect
levels by performing a non-linear least-squares fit to ¢°.

4 L} ) ) T I ) ] ) 1 l L} T T L} I ) ) ) 1 I ) T L} )
o _D_T = 1060 OC E 4.74 ev l:"«( -
2 L—o—T =1160°C N _
= E,-3.56 eV ]
= 0fF d;.=0.48 eV _
03 | i

2 |\  __g=___

o 2} .
4 - dyc=0.72 eV =

L1 1 I 1 1 1 L l 1 1 1 1 I 1 1 1 1 I 1 1 1 1
1 2 3 4 5 6

Photon energy (eV)

FIG. 1. DLOS spectra showing the evolution of deep level defects with 7.
The solid line between 1.6 and 4.6eV is a simultaneous fit to the
E.—3.56eV and E. — 2.34¢eV deep levels, and the dotted lines show the
individual ¢” spectra. The poorly resolved spectra for the E. — 3.56 eV level
in the T, = 1060 °C film is due to a low signal-to-noise ratio and is a qualita-
tive indication of reduced defect density compared to the film grown at
T,=1160°C.
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TABLE II. Summary of deep level properties for films grown at 1060 °C
and 1160°C.

T, (°C) E, (eV) drc (eV) N, (em™)
1160 E.—234 0.72 1% 10"

1160 E.—3.56 0.48 5.1 x 10"
1160 E.— 474 0 6.6 x 10"
1060 E.—234 0.72 2.2x 10"
1060 E.—3.56 0.48 4.1x 10"
1060 E.—4.74 0 1.0x 10"

Uncertainties for E, and drpc determined from the model of
Passler are ~ 0.05eV. All changes in photocapacitance (AC)
were positive, indicating majority carrier (electron) photoemis-
sion, so E, values are referenced to the conduction band mini-
mum (E_.). The fitted E, and dpc values are summarized in
Table II. Photoemission occurred for hv<E, for the
E.—234eV and E. — 3.56eV deep levels due to phonon-
assisted optical absorption operative for defect centers with
strong lattice coupling.'* The optical line-shape of the E, —
4.74 eV deep level spectrum was very sharp with no evidence
of phonon broadening (drc=0eV), consistent with an effec-
tive mass-like state.

DLOS corresponding to the T, = 1060°C film exhibited
very similar deep level spectra, except that the E. — 3.56eV
deep level was not well resolved. Nonetheless, it is likely
that £. —3.56eV deep level defect exists in the T, = 1060 °C
film. The experimental DLOS spectrum continues to show
structure for v > 3.00eV, whereas the theoretical fit to the
E.—2.34¢eV alone (dashed line in Figure 1) predicts a flat
DLOS spectrum in the absence of another defect level that is
deeper in energy relative to E.. The weaker signal-to-noise
ratio for DLOS measurement of the E. — 3.56eV for the
T,=1060°C film could result from the much larger net dop-
ing, a lower deep level defect density, or both. Determination
of N, for all levels is discussed below, but their microscopic
origins are considered next.

Possible physical origins of the three observed deep lev-
els can be considered from comparison to previous studies of
GaN and AlGaN. Firstly, the E. — 4.74 eV deep level reported
here has a sharp spectrum and energetic location (E,
+0.21eV) that are similar to a defect level that is commonly
observed in n-type GaN at E. — 3.28¢V, i.e., 0.16eV above
the valence band maximum (£,), that has been attributed to ei-
ther C or residual Mg impurities.'>'® The similarity between
the E. — 4.74eV Aly;GagsN and E. — 3.28eV GaN defect
states would suggest that they share a similar physical origin.
However, secondary ion mass spectroscopy (SIMS) analysis
of Aly7Gag3N:Si films grown in the same reactor under simi-
lar growth conditions and T, range show the C contamination
level to be less than 5 x 10'"°cm™ and Mg contamination
below the detection limit < 1x 10'®cm™. These impurity
concentrations are much lower than the concentration of the
E. — 4.74¢V defect state in either film studied here (determi-
nation of the deep level density is discussed below). These
observations indicate that the E. — 4.74eV level originates
from an as yet unidentified point defect source other than C of
Mg. Secondly, association of the E. — 3.56eV deep level
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with the group-III vacancy (Vi) or related Viy-impurity com-
plex is supported by comparing its DLOS spectrum with pre-
vious photoluminescence (PL), and positron annihilation
spectroscopy (PAS) studies of Al,Ga;_,N (Refs. 17 and 18)
and density functional theory (DFT) calculations of defect-
related optical absorption and emission in AIN.'® Within the
one-dimensional configuration-coordinate model,19 a PL band
that derives from the E. — 3.56eV deep level is expected
have a very broad spectrum with peak energy at approxi-
mately E, — 2drc=2.6eV. This value agrees well with the
trend of PL peak energies versus x for a broad deep level PL
band tracked across the entire Al,Ga; N alloy range that was
ascribed to Vi (2-/3-) charge states.!” Broad PL peaks near
2.6eV were also observed in Aly¢Gap 4N:Si and conclusively
associated with Viy—related defects by correlating the increase
in integrated PL intensity with increasing PAS S-parameter,
i.e., increasing V—related defect concentration, as a function
of Si concentration >1 x 10"®cm™>.!® The E, and dyc values
obtained for the E. — 3.56eV deep level are also in reasona-
ble agreement for corresponding values calculated for the V,;
(3-/2-) optical transition in AIN," which is likely to be similar
to Vyp-related transitions in Al ;Gag 3N Finally, the atomistic
origin of the E. — 2.34eV deep level defect remains a ques-
tion for additional study as it does not appear to have an ana-
log from previous defect studies of Al,Ga;_,N.

B. Deep level defect density measurement

Measuring the concentration of the observed deep level
defects is necessary to understand their role in the strong T,
dependence of Si dopant compensation. Table II lists meas-
ured values for N,, which were determined in the following
manners. Deep level defect concentration is often measured
from the steady-state photocapacitance (SSPC). Figure 2
shows the relative SSPC, AC/Cy, where Cj is the dark capac-
itance, for both samples. The usual relationship N, ~ 2N ,AC/
Cy is valid only when AC/Cy< 1, i.e., N, < N, This condi-
tion holds for the film growth at 1060 °C but is violated for
the E. — 3.56eV and E. — 4.74eV deep levels in the
T,=1160°C film. Therefore, LCV was used to quantify N,

—Tg= 1160 °C
Tg= 1060 °C

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Photon energy (eV)

FIG. 2. Steady-state photocapacitance spectra for the AlGaN films. Note
that AC/Cy=1 for the E. — 3.56eV and E. — 4.74eV levels in the film
grown at T, = 1160 °C and therefore does not approximate N,.
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FIG. 3. Lighted capacitance-voltage scans for the film grown at
T,=1160°C. The large change in (N, — N,) is approximately equal to N,.

for these deep levels. LCV measures CV sweeps under sub-
bandgap monochromatic illumination with /v values chosen
to empty deep levels one at a time.”® For example, [E,
—3.56 eV] (brackets denote defect concentration) for
T,=1160°C film is the difference in (N, — N,) measured by
CV at hv=290eV (with the defect fully occupied) and
at hv=4.40eV (with the defect depopulated), as shown in
Fig. 3. Likewise [E. — 4.74 eV] was determined from the
increase in space-charge density for 7iv =4.90¢eV relative to
hv=4.40¢eV illumination.

IV. CONCLUSIONS

The source of significant dopant compensation with
higher T, can now be understood in terms of defect incorpo-
ration using the DLOS and LCV data. The E. — 3.54eV and
E. — 4.74 levels are identified as the major compensators for
the T,=1160°C Aly;Gag 3N film owing to their large N,
Indeed, when these deep levels are optically depopulated, the
effective net doping concentration for the film grown at
T,=1160°C more than triples and becomes comparable to
that for T, =1060°C Aly;Gag3N. As discussed previously,
high T, for Al-rich AlGaN can drive increased Vyy; concentra-
tion, which further supports attribution of the £, — 3.54eV
level as being Vyy-related. Kinetically driven excess Ga de-
sorption at elevated T, is anticipated and might not be fully
compensated by increased Ga flow rates. Additionally, ther-
modynamics can drive acceptor-like deep level defect forma-
tion in n-type semiconductors with very large Eg.9 The defect
formation energy of an occupied versus charge-neutral deep
acceptor defect in an n-type UWBG semiconductor is
reduced by approximately (E° — dpc), which is of order E,.
In the case of a multiply charged defect center, such as V-
related defects in n-type Al,Ga; N, E' is decreased substan-
tially per captured carrier and can approach zero. Indeed,
DFT calculations find E of V4>~ to become negative for n-
type AIN,?! leading to spontaneous vacancy formation. This
trend suggests that an Al-rich AIGaN:Si crystal will naturally
favor Vi formation when epitaxial growth conditions
approach thermal equilibrium, such as with high 7.

J. Appl. Phys. 117, 185704 (2015)

The increase in [E. — 4.74 eV] with increasing T, could
also be thermodynamically driven. The sensitivity of £ on
Fermi level position is strongest for defect centers that form
close to the minority carrier band edge (E, in this case). The
incorporation of acceptor-like impurities forming electronic
states near E, in Al-rich AlGaN:Si could become favorable
with increasing T, because E' of the occupied deep acceptor
would be reduced relative to the charge neutral state by
approximately E, which approaches 6.2eV for Al-rich
AlGaN.

In summary, the dependence of Si doping efficiency and
deep level defect formation was investigated for n-type
Alj7Gagy 3N as a function of T,. It was observed that dopant
compensation by deep level defects was greatly reduced by
lowering T,. DLOS and LCV were employed to identify the
major compensators as the E. — 3.56eV and E. — 4.74eV
deep levels. The E. — 3.56eV defect level was attributed to
Vin or related complex. The atomistic origin of the E.
—4.74 eV level is unclear, but SIMS data conclusively ruled
out C and Mg impurities. This finding suggests that physical
source of near-valence band defect states in AlGaN changes
with alloying since C and Mg are thought to be the primary
source of near-valence band defect states in GaN and low Al
mole fraction AlGaN.'>'® Possible mechanisms for the
strong T, dependence of these defects were considered in
terms of both growth kinetics and also thermodynamic proc-
esses driven by the large Alj;Gay 3N band gap energy.
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