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ABSTRACT

Electrical conductivity in high Al-content AIGaN has been severely limited, presumably due to a DX transition forming an acceptor state and
subsequent self-compensation, which imposed an upper limit on the achievable free carrier concentration. To elucidate this idea, this paper
examines Ge doping as a function of Al-content in AlGaN and finds a different behavior: for Al compositions below 40%, Ge behaved as a
shallow donor with an ionization energy below 20 meV, while for Al compositions above 40%, above DX transition, it emerged as a deep
donor. The ionization energy of this deep state increased with increasing Al content and reached 150 meV for 60% AlGaN. Around the DX
transition, a continuous change from the shallow to deep donor was observed. In contrast to the density functional theory predictions,
acceptor-type states corresponding to a DX-type transition were not observed. This finding may have profound technological consequences
for the development of AlGaN- and AIN-based devices as it offers a feasible pathway to high n-conductivity in these compounds.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0008362

Controllable n-type doping in wide and ultra-wide bandgap III-
nitrides, GaN, AIN, and their alloys, is crucial for UV optoelectronic,
power electronic, and potential plasmonic devices.' ~ Si is an estab-
lished shallow n-type dopant in GaN and Al,Ga; N (x<0.8).""
However, an increased ionization energy is observed for Si in
Al,Ga; N (for x > 0.8) that is commonly attributed to the formation
of a DX center, consequently limiting the achievable conductivity in
high Al content AlGaN.”*'" An additional challenge associated with
Si doping is the observation of tensile stress in high dislocation density,
heavily doped films due to the Fermi level effect, which drives the
vacancy-mediated dislocation climb at carrier concentrations above
1019 Cm73.] 1,12

Similar to Si, Ge is energetically favorable to be substituted on the
metal site than the nitrogen site in n-type AlGaN and acting as a
donor."” However, it could potentially provide several advantages over
Si as a donor dopant in ITI-nitrides. There are various reports of crack-
free, heavily Ge-doped AlGaN and GaN epitaxial layers grown on sap-
phire with carrier concentrations exceeding 10*° cm ™, suggesting that
Ge doping allows for high doping with no significant tensile
stress.”'*"'” However, Ge is also expected to undergo a DX transition
in AlGaN. Theoretical work by Gordon et al. predicts such onset of
the Ge-related DX formation to be at Al content of around 50%.”
Understanding and controlling DX in AlGaN is technologically crucial
since it can open up a pathway for high conductivity Al-rich AlIGaN

by Ge doping. To identify this DX transition, one of the easily recog-
nizable characteristics is an apparent increase in the ionization
energy.”'" Although Ge has been considered as a potential donor in
[I-nitrides, its behavior as a donor and related compensation mecha-
nisms, such as DX formation and self-compensation, have not been
established experimentally. As a first step in determining the possibil-
ity of using Ge as a technical dopant in AlGaN, it is necessary to exper-
imentally confirm the predicted DX transition and determine its
onset.

Beyond practical applicability as a shallow donor, Ge also pro-
vides an opportunity to bring about new understanding of the DX for-
mation within III-nitrides. Based on current understanding, a donor
impurity undergoes a DX transformation when the dopant experien-
ces bond “rupturing,” resulting in an off-site relaxation of the donor
atom and formation of a deep acceptor, which forms an acceptor
(DX")—donor (d1) pair, i.e., a thermodynamic transition where the
DX and d* concentrations self-adjust to “pin” the Fermi level to the
(—1/41) transition energy.”'’ According to this hypothesis, forming a
DX center is a type of self-compensation where the carrier concentra-
tion increases with the increase in doping concentration until a critical
concentration has been reached. At this point, the Fermi level reaches
the (—1/+1) transition energy, beyond which the free carrier concen-
tration remains constant despite an increase in the doping concentra-
tion. There are various reports attempting to characterize DX nature
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in Si doped AlGaN and AIN by using persistent photoconductivity
and electron paramagnetic resonance.””’ However, there are incon-
sistencies in the literature both experimentally and theoretically and
DX nature in n-type AlGaN is still under debate.”*"”* Since Ge is pre-
dicted to form a DX transition in AlGaN at a lower Al content, it
presents a more convenient way to study the electronic nature of the
DX center in comparison to Si, which forms a measurable DX center
only for Al content >0.9. However, for Al-rich AlGaN other chal-
lenges, such as Ohmic contacts and increased vacancy related compen-
sation, also play a significant role.””’

In this work, Ge-doped AlGaN films with varying Al content and
constant dopant concentration were grown via metal-organic chemi-
cal vapor deposition (MOCVD). Temperature-dependent Hall effect
measurements were used to determine free carrier concentration,
mobility, and Ge ionization energy to elucidate on the DX center for-
mation and its electronic nature.

All AlGaN films were grown on 2”, c-oriented sapphire wafers in
a vertical, rf-heated, low-pressure (20 Torr) MOCVD reactor, using
triethylgallium (TEG), trimethylaluminum (TMA), and ammonia as
gallium, aluminum, and nitrogen precursors, respectively.” Prior to the
growth, the sapphire wafers were annealed within the reactor in H, at
1100 °C for 7 min and then nitrided in a 1:1 ammonia-hydrogen mix-
ture at 950°C for 4min. A low temperature, at 650 °C, AIN buffer
layer was deposited prior to the growth of a 200 nm thick AIN layer at
1200°C that served as an Al-polar AIN template. Subsequently,
500nm thick Ge-doped AlGaN layers with varying Al-content
between 0 and 60% were grown, using a 1000 ppm germane mixture
in nitrogen as the Ge precursor for the targeted Ge concentration of
2% 10" cm . The AlGaN layers were grown under N, diluent, at
growth temperature of 950 °C, and V/III of 3200; these parameters
corresponded to a supersaturation of 50 000.

The AlGaN composition, residual stress, and dislocation density
were determined by x-ray diffraction (XRD) measurements using a
Philips X’Pert materials research diffractometer with a Cu anode and
using methods described elsewhere.”* An ION-TOF time-of-flight sec-
ondary ion mass spectrometer (TOF-SIMS) was used to determine the
Ge concentration in AlGaN films. The acquisition conditions for the
non-interlaced sputtering mode used for the measurement were
described elsewhere.”” Germanium concentration was determined
under a negative ion detection mode and calibrated against an ion-
implanted Aly3Gag;N standard. The aluminum/gallium ratio was
determined following the procedure explained elsewhere.” Ohmic
contacts were realized on all AlGaN films by evaporation and rapid
thermal annealing of V/AI/Ni/Au metal stacks.”” Electrical characteri-
zation was performed using temperature-dependent Hall measure-
ments (Ecopia HMS-5500) in the Van der Pauw configuration and in
a temperature range of 160-700 K. According to SIMS, Ge concentra-
tion for different compositions varies from 1.5 x 10'° cm ™ to about
3 % 10" cm ™ while it was targeted at 2 x 10" cm ™2 shown in Table I.
This may affect the measurable carrier concentrations and mobility
slightly. To correct for small deviations between the nominal and
actual Ge concentrations as determined by SIMS, all carrier concentra-
tion and mobility measurements were normalized to the nominal Ge
concentration value of 2 x 10 cm > (ie, X [[%e]e‘]‘w for carrier
concentration). ot

X-ray diffraction measurements confirmed that the intended
Al-content in AlGaN. All AlGaN films were relaxed with (302)
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TABLE I. Ge concentration determined by SIMS for each Al composition.

Ge concentration

Al composition (%) by SIMS (em™)

1.5 x 10"
7 2% 10"
17 2% 10"
27 2% 10"
40 3% 10"
50 3% 10"
60 3% 10"

-rocking curve FWHMs ranging from 2000 to 2300 arc sec, corre-
sponding to a total dislocation density of ~10'cm 2 Contacts
showed Ohmic behavior for all AlIGaN compositions and tempera-
tures, as demonstrated by linear current-voltage characteristics. As an
example, Fig. 1 shows I-V characteristics for 40, 50, and 60%
Ge:AlGaN films obtained at room temperature.

Since Ge is a group IV substitutional impurity to either Ga or
Al sites, it is expected to be a shallow hydrogenic-type donor with an
ionization energy of 29 and 75meV for GaN and AIN, respectively.”
This should yield measurable room temperature carrier concentrations
in AlGaN over a wide range of Al contents. Figure 2 shows room
temperature conductivity, carrier concentration, and mobility for
Ge:AlGaN as a function of Al content as determined by Hall measure-
ments. One can see that for Al contents <40%, the free carrier concen-
tration remains more or less constant, indicating a low ionization
energy and low compensation, i.e., no significant concentration of DX
centers or other compensators, like Cy or Ge-vacancy complexes.

However, when the Al-content is increased beyond 40%, both
carrier concentration and conductivity decrease sharply by more than
two orders of magnitude. The drop in the conductivity for x > 40%
agrees well with the decrease in slopes of I-V curves shown in Fig. 1.
Simultaneously, the mobility collapses to the low single digit values,
suggesting a high concentration of ionized point defects.” This abrupt
change seems to be consistent with the formation of the Ge-related

0.10

Al content:
= 40%
0.05 | e 50%
= 60%

0.00

Current (mA)

-0.05+

-0.10

8 6 4 2 0 2 4 6 8
Voltage (V)

FIG. 1. Room temperature |-V characteristics of Ge:AlGaN for 40, 50, and 60% Al
content showing Ohmic contact behavior.
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FIG. 2. Room temperature carrier concentration, conductivity, and mobility of
Ge:AlGaN as a function of the Al content with a constant Ge concentration of
2x10"%em 3,

DX center, which was predicted to occur around 50% Al-content in
prior density functional theory (DFT) work.”

Figure 3 shows free carrier concentration as a function of temper-
ature for various AlGaN compositions. For x < 40%, ionization energy
was estimated as the activation energy considering negligible compen-
sation since they are degenerately doped alloys. However, for x > 40%,
the ionization energy, Ep, was extracted as the best fit of the charge
balance equation for one acceptor and one donor, assuming a com-
plete ionization of the acceptors (Ny = N;),”

Np

. (1)
142 5p
——nexp | —
N(T) " P \kT
Here, N4, Np, and N are acceptor and donor concentrations, and

effective conduction band density of states, respectively; Ep is the
donor ionization energy, while # is the free electron concentration.
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FIG. 3. Temperature-dependent free carrier concentration for different AlGaN com-
positions with a constant Ge concentration of 2 x 10'® cm =2,
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N¢ for AlGaN was estimated from the effective conduction band den-
sities of states for GaN and AIN using the following equation:*’

Nc(ALGa;_,N) = xN¢(AIN) + (1 — x)N¢(GaN). (2)

As seen in Fig. 3, no significant change in the carrier concentration
with temperature was observed for the Al content below 40%, indicat-
ing a hydrogenic-like donor with a low ionization energy and negligi-
ble compensation. Interestingly, for samples with Al content greater
than 40%, a second slope appeared at higher temperatures, suggesting
a second donor with a higher ionization energy. At high temperatures,
the carrier concentration showed a saturation level similar to that
observed for the lower Al content AlGaN indicative of a high ioniza-
tion level of the deep donor. For the highest Al content alloy, only a
single slope corresponding to the highest ionization energy among all
the compositions was observed.

Figure 4 shows ionization energies of the two donor states
extracted from the temperature dependent measurements. The shal-
low donor exhibited a low ionization energy, consistent with the
hydrogenic model, which increased only slightly with the Al content
in AlGaN. In contrast, the ionization energy of the deep donor was sig-
nificantly higher, increasing rapidly with the increasing Al content,
and reached 150 meV at an Al content of 60%.

The abundance of each state seemed to depend on the AlGaN
composition as well, with the fraction of the deep donor state increas-
ing with the Al content. The population distribution between the
shallow and deep donor states for each AlGaN composition was esti-
mated from Fig. 3. For the AlGaN with 40%, 50%, and 60% Al-
content, the fraction of Ge atoms in the shallow donor state changed
from 100% to 0.4% to ~0%, respectively. A clear transition from the
shallow donor (<30 meV) to deep donor (>110meV) occurred at
around 50% Al content. For AlGaN with Al content >50%, one can
expect that practically all Ge dopants will be in the deep donor state
that has a high ionization energy and will produce very low
conductivity.

From these results, we can draw some fundamental conclusions
about the nature of the Ge DX center in AlGaN. Considering the
charge balance equation that includes multiple donors and acceptors,

200
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FIG. 4. lonization energy of the shallow and deep donor states as a function of
AlGaN composition. Ge concentration was kept constant at 2 x 10"cm ™. The
error bars show the 95% confidence range for the fitting parameters.
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the only reasonable explanation for the observed temperature depen-
dence of the free carrier concentration with two slopes is the presence
of two donor states, one with low and the other with high ionization
energy. Population of Ge atoms in each state in equilibrium depends
on the AlGaN composition. It has to be noted that none of the other
possible cases, like a shallow donor and a fully ionized acceptor, or a
shallow donor and a deep acceptor, can replicate the observed
temperature-dependent behavior. Figure 5 compares the calculated
carrier concentration as a function of temperature for the above three
scenarios. A 10 meV shallow donor ionization energy was considered
and a variation from 100 meV to 200 meV of the deep level ionization
energy for 50% and 60% Al compositions, respectively. Based on the
charge balance equation for the above cases, if Ge was considered as a
shallow acceptor upon the formation of the DX state, it will act as a
compensator, and no significant change in the activation energy of the
shallow state will be observed [Fig. 5(a)]. If Ge formed a deep acceptor
state, showing an increase in the ionization energy by increasing the
Ge atomic fraction in the deep level, one would expect a uniform
increase in the slope in the carrier concentration curves but not two
slopes [Fig. 5(b)]. Only a distribution of Ge atoms between a shallow
and deep donor state will show two ionization energies, as shown in
Fig. 5(c). Comparing these three cases to the result in Fig. 3, one can
see that only the third scenario, Fig. 5(c), reproduces the experimental
results.

Based on these observations, we propose a model to describe the
DX electronically. Although our experimental observations are in a
reasonable agreement with DFT analyses, which hypothesize a DX
center in Ge-doped AlGaN forming for Al compositions greater than
50% and an ionization energy that increases with the increase in Al
content, the typical interpretation of the DX as a (—1/+1) transition
energy cannot explain the observation of a distribution of shallow and
deep donor states. Instead, the transition to compositions with DX
centers corresponded to the emergence of a deep donor (DX) charac-
terized by the (0/41) transition whose concentration (and atomic frac-
tion of Ge in DX state) and ionization energy increase with Al content.
This is an important observation and departure from the current
understanding since the typical interpretation of the (—1/41) transi-
tion, which pins the Fermi level at the transition energy, severely limits
the achievable conductivity through a self-compensation process.
However, if the DX is a deep donor, high conductivity may be
achieved by doping to very high concentrations and the likely limita-
tion is from increased compensation from vacancy-donor complexes
at higher doping concentrations, which can be managed.”' "'

Temperature (K)
900 600 300 900600

— 10" s

Temperature (K)

Temperature (K)
300 900600 300

101
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>

10"
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FIG. 5. Calculated carrier concentrations with temperature assuming: (a) one shal-
low donor and one fully ionized acceptor, (b) one shallow donor and one deep
acceptor, and (c) two donors with ionization energies obtained from Fig. 4.
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In conclusion, the behavior of the Ge dopant in AlGaN was stud-
ied as a function of Al-content in the alloy. At Al compositions below
40%, it behaved as a shallow donor with ionization energy below
20meV. At Al compositions above 40%, it emerged as a deep donor,
whose ionization energy increased with increasing Al content and
reached 150 meV for AlGaN with 60% Al At this point, only the deep
donor state was observed. In contrast to the DFT predictions,
acceptor-type states were not observed. Based on these studies, we pro-
pose the DX as a deep donor (0/+1) transition, whose ionization
energy increases with Al content, rather than a Fermi-level-pinning
(—1/41) transition. This understanding has profound technological
consequences as it offers a feasible pathway to high n-conductivity in
AlGaN and even AIN.
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