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The transient capacitance method was used to analyze GaN samples grown by low-pressure organometallic
vapor phase epitaxy (OMVPE) with triethylgallium (TEGa) or trimethylgallium (TMGa) as the alkyl source.
Two deep levels at 1.10 and 1.27 eV were observed in the TMGa sample, while a deep level at 0.60 eV was observed
in the TEGa sample. Using light illumination, levels deeper than those above were investigated in TEGa and

TMGa samples.
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The recent development of blue and blue-green light-
emitting diodes (LED’s) based on GaN and its alloys has
attracted much attention.™® However, further advance
in III-V nitride technology has been hindered by poor
crystalline quality and high n-type background carrier
concentration, resulting from native defects believed to
be mainly nitrogen vacancies.®® In previous work,® two
deep levels with activation energies of 0.14 and 0.49eV
were observed by deep-level transient capacitance spec-
troscopy (DLTS) in GaN grown by organometallic va-

por phase epitaxy (OMVPE). Another level appeared -

at temperatures higher than 450K. However, due to
the limited range of operating temperature of the DLTS
stage, the parameters of this level could not be obtained
accurately.

In the present work, we continue this study by using
a transient capacitance method to characterize the very
deep levels in samples grown by a conventional, hori-
zontally configured, low-pressure OMVPE method with
triethylgallium (TEGa) or trimethylgallium (TMGa) as
the Ga precursors. NH; was used as the nitrogen source.
The TEGa sample was undoped, while the TMGa sam-
ple was doped with Si using SiH,. GaN films were
grown on sapphire at 1050°C affer the growth of a 500-
A-thick GaN buffer layer at 525°C. The GaN films
used in this study were about 2 pum thick. Schottky and
ohmic contacts were fabricated by evaporating Au and
Al, respectively. The reverse saturation current of the
Schottky diodes was about 3.8 x 107> A/cm®. Room-
temperature capacitance-voltage measurements yielded
essentially uniform distributions of free electrons with
concentrations of 2.4 x 10" cm~® and 9.0 x 10* cm—3
for the TEGa and TMGa samples, respectively. Tran-
sient capacitance measurements were carried out for five
wafers; three TEGa and two TMGa samples. About 5
diodes were measured at different locations in each wafer
(about 7 x 7mm?). A deep level was observed in some
diodes but not in others. This deep level was attributed
to a surface or an unknown effect and data related to this
level were not used. Only the deep levels which were al-
ways observed in all diodes are discussed in this work.

The transient capacitance was measured using a
HP4194 impedance analyzer. A reverse bias of 2V was
applied to remove electrons from the deep levels in the
depletion region. The frequency of the capacitance me-

ter was set at 50kHz with a rms oscillation level of
0.2V. When the reverse bias was applied, the capaci-
tance dropped immediately and then increased exponen-
tially to a constant value in the case of the TEGa sam-
ple, indicating the existence of a single electron level, as
shown in Fig. 1. The leakage current was less than 1 uA
at the highest temperature. The time constants are plot-
ted as solid circles in the Arrhenius plot in Fig. 2. When
these points were fitted, it was found that the fitting
line intersected the two points observed by DLTS,® in-
dicating that they are related to the same deep level.
The activation energy of this level was accurately deter-
mined to be 0.60eV. A concentration of 8.8 x 10!* cm™3
and an electron capture cross section of 2.4 x 1072 cm?
were obtained for this level. Hacke et al® reported a
deep level at 0.58 ¢V in a GaN sample grown by hydride
vapor phase epitaxy (HVPE). Although this activation
energy is similar to that obtained in our experiment, the
deep levels are not the same judging from the large dif-
ference in the capture cross sections. The exact origin
of this level is not yet clear and is the subject of further
investigation.

Similar transient capacitance spectra, but with time
constants much longer than those for the level at 0.60 eV,
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Fig. 1. The transient capacitance AC versus time at different

temperatures for a TEGa sample.
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Fig. 2. Arrehenius plot for TEGa and TMGa samples. Two deep
levels at 1.10 and 1.27eV were observed for the TMGa sample,
while a deep level at 0.60 eV was observed for the TEGa sample.
The two solid circles on the left were obtained previously by
deep-level transient spectroscopy with an emission rate window
of 23.26s~1 and a pulse width of 100 ms.
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Fig. 3. The transient capacitance AC versus time at different
temperatures for a TMGa sample. These capacitance spectra
can be fitted by combining two time constants, as shown by the
solid lines. Spectra for 420 and 410K from 0 to 5s are shown in
the inset to demonstrate the effects of two time constants.

were observed for the TMGa samples, as shown in Fig. 3.
Detailed examination revealed that these spectra could
not be fitted using a single time constant, but could be
fitted very well by combining two time constants. For
example, the capacitance spectrum for 371.5K can be
fitted very well by combining two exponential functions
with time constants of 203.9s and 38.8s. The capaci-
tance spectra for all other temperatures were fitted in
this way and two sets of time constants were obtained as
shown by the open rectangles in Fig. 2. Two deep levels
with activation energies of 1.10eV (n, = 5.9 x 10 cm™3,
On = 7.4%x 107" c¢m?) and 1.27eV (n, = 3.5 x 10** cm™3,

0, = 8.4% 1072 cm?) were obtained for the TMGa sam-
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Table I. Summary of GaN deep-level data.
Sample No. E; (eV) o (cm?) Ni (cm™3)
TMGa 1.10 7.4 x 10715 5.9 x 1014
1.27 8.4 x 10712 3.5 x 104
TEGa 0.60 2.4 x 10720 8.8 x 1017

ples. These results are summarized in Table I.

Oxygen in GaN is thought to be responsible for the
broad photoluminescence emission band near 560 nm”
and the broad cathodoluminescence band near 520 nm.®

- These wavelengths are very similar to those of the deep

levels at 1.10 and 1.27 eV observed in the TMGa samples.
In addition, the deep level associated with oxygen impu-
rities substituting on Ga sites was calculated by Jenkins
and Dow® to be 1.27eV. Therefore, the deep levels at
1.10 and 1.27eV observed in the TMGa samples may be
due to oxygen impurities and the broad optical band ob-
served at room temperature may be an effect due to the
combination of these two levels. Since the capture cross
sections for these two levels are different, further inves-
tigation of the optical spectra obtained at low temper-
atures is necessary to determine whether the two peaks
can be resolved.

One possible reason for the difference in the deep lev-
els of the TMGa and TEGa samples in the present study
may be the difference in growth conditions, such as the
growth temperature and the doping. However, the dif-
ference could also be due to impurities, such as oxygen
or carbon in the reaction sources. It is known that dur-
ing OMVPE growth, TMGa pyrolyzes to produce highly
reactive CHj; radicals, which leads to a high degree of
carbon contamination. We doped Si to the TMGa sam-
ples because a conductive n-type layer cannot always be
obtained. Sometimes the TMGa samples showed higher
resistivity than the TEGa samples. This indicates that
there may be carbon contamination in the TMGa sam-
ples. However, carbon usually acts as a shallow dopant
in III-V compounds and should affect the properties of
the shallow levels rather than those of the deep levels.
However, at the present, it is not clear whether carbon
could affect the deep levels in GaN. On the other hand,
oxygen is thought to introduce deep levels in most III-
V compounds. Correlation between the degree of oxy-
gen contamination and the broad optical emission near
560nm has been illustrated.” Correlation between the
oxygen and the deep levels is under investigation using
the transient capacitance method.

Materials with large bandgaps such as GalN are
thought to have levels deeper than those previously
found. To determine whether this is true, samples were
illuminated using a tungstern light during the transient
capacitance measurements. The concentration of the
deep levels involved in the photoexcitation processes was
indicated by the difference between the capacitances be-
fore and after the illumination.

Figure 4 shows the capacitance spectrum at 362 K for a
TEGa sample obtained using a dark-light-dark sequence.
First, a voltage of —2V was applied at t = Os, and the
capacitance increased exponentially to a constant value
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Fig. 4. Variation of the capacitance of a TEGa-~grown GaN Schot-
tky diode with a dark-light-dark illumination sequence.

of 97.8 pF with a time constant of 15s, corresponding
to the emission rate of the level at 0.602V determined
previously. At this point, the electrons captured in levels
with time constants less than or equal to 15s had already
been emitted to the conduction band. Then, light was
illuminated at ¢t = 22s and the capacitance increased
to about 103pF. When the light was switched off (at
t = 38s), the capacitance did not return to the con-
stant value of 97.8 pF obtained before illumination, but
reached a constant value of 98.8 pF. A difference of 1 pF
(AC/C = 1%) was observed, which corresponded to a
carrier concentration of 4.8 x 10*® cm™3. There are sev-
eral complex processes which might occur due to the illu-
mination of light. However, once the light was switched
off the major processes likely to occur in the depletion
region were the emission of electrons and holes from deep
levels. If the time constants for the emission of holes are
much larger than the measuring time, the capacitance
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would not be observed to return to its value before il-
lumination. Another process which might contribute to
the difference in the capacitance is the existance of very
deep levels with time constants longer than 15s, some of
the electrons captured by which were excited to the con-
duction band upon illumination. Both processes involve
deep levels with time constants much longer than 15s.
Therefore, the concentration obtained in this way indi-
cates that there are at least that concentration of deep
levels in GaN which have not yet been observed.

A similar experiment was performed on the TMGa
sample. When a steady state for the emission of elec-
trons from the levels at 1.10 and 1.27 eV was reached at
T = 371K, light of the same intensity was illuminated
and a difference of 3 pF (AC/C = 12%) was observed in
the capacitance of the TMGa sample before and after il-
lumination. This corresponds to a concentration of deep
levels of at least 2.2 x 10** cm™ in the TMGa sample,
which has not yet been observed. A stage which can be
operated at higher temperatures is under construction so
that these very deep levels can be fully characterized.
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