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We have measured the dynamic response of the photocapacitance of a Schottky diode made of an undoped GaN epilayer grown
by metalorganic vapor phase epitaxy. The measurements were performed afier the suspension of a white light for a specified
“waiting” time, ¢. The results indicate that the capacitance exhibits a logarithmic function of ¢ from which a time constant
of approximately 34.5s and a cross-sectional area of less than 2.89 x 107 cm? were retrieved. These are interpreted as
the characteristic time and the cross-sectional area of electron capture by the traps associated with dislocations formed in the

epifilm, respectively.
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1. Introduction

Because of its superior material properties including a wide
direct band gap, high breakdown electric field, and high ther-
mal conductivity as well as high thermal stability, gallium
nitride (GaN) has recently drawn much attention from the
view point of use in a variety of device applications. These
include high-temperature transistors,!) blue and green light-
emitting diodes and violet laser diodes.” However, as com-
pared to GaAs and InP, GaN usually possesses relatively poor
film quality in terms of dislocations. With such a high density
of threading edge dislocations® (10% cm~2), it was difficult
to believe that high-performance optoelectronic devices can
be realized without difficulty by the use of this type of mate-
rial, In the early stages of GaN device fabrication, researchers
even believed that the dislocations were simply electrically in-
ert to a light-emitting process. Nevertheless, Rosner ef @l
have shown in their cathodoluminescence study that dislo-
cations influence carrier recombination and, most likely, act
as nonradiative recombination centers in GaN. It was also
demonstrated that negative charges exist near the edge dis-
locations, displaying acceptorlike behavior. All of these ar-
guments were recently supported by the models developed
by Look and Sizelove,® Wright and Grossner,” and Elsner
et al.¥) Their works showed that the threading edge disloca-
tions in GaN are indeed electrically active, affecting not only
the minority carrier transport parameters but also the lumines-
cence efficiency. In this letter, we provide a different means
of examining the physical properties of GaN film by observ-
ing for the first time the long-term photocapacitance decay
behavior in undoped GaN. Our results show that the steady
state value of the transient photocapacitance decays logarith-
mically in time defined by the time interval between light off
and the commencement of measurement at room temperature.
This dynamic response is inferred to be correlated closely to
the electron-hole recombination at dislocations.

2. Experiments

The sample employed in this study is undoped GaN grown
on a (0001) sapphire substrate using the low-pressure met-
alorganic vapor phase epitaxy (MOVPE) growth technique.
The corresponding Hall concentration and mobility are 4.7 x
10'% cm=3 and 77 cm?/V-s, respectively. During the experi-

ment, metal Ni dots of 1 mm diameter were first deposited
on the film as Schottky contacts through a metal mask by
clectron-gun evaporation. The ohmic contact was subse-
quently formed on the epilayer surface by depositing strips of
Al, which exhibited good linear /-¥ characteristic and was
suitable for our photocapacitance measurements.

For the measurements of photocapacitance, the Schottky
diode was illuminated by a nominal 60 W tungsten lamp for
5min at zero bias voltage. The sample was then used for the
measurement of transient behavior at room temperature using
a HP4194 impedance analyzer at different dark waiting times
from 1 min to 12 h. For each measurement, a reverse bias of
—1V square voltage with duration of ~ 1.5 s was applied for
the purpose of emptying the carrier in the depletion region.
Pulses with a test frequency of 10kHz and 100 meV oscilla-
tion level were employed to record the small signal diode ca-
pacitance. The trigger duration used was sufficiently long to
attain the respective steady state capacitance value, Cs(?), so
that long-term photocapacitance behavior could be obtained.
Attention was paid to ensure that the time interval between the
consecutive measurements was at least I min. Under these
circumstances, any possible intervention between the mea-
surements can be minimized to a negligible extent.

3. Results and Discussions

Figures 1(a) and 1(b) show the transient capacitance of the
undoped GaN measured at room temperature probed at differ-
ent waiting times, ¢, after the illumination was switched off.
As can be seen in Figs. 1(a) and 1(b), for each measurement
when a square triggering volitage is applied, the capacitance
signal increases exponentially at the beginning and saturates
to a steady-state value within a duration of ~ 0.2 s. The upris-
ing portion has been attributed primarily to the point defects
associated with the 0.60 eV level below the conduction band
as they exhibit the characteristics of the same time constant
and defect concentration, as revealed by deep level transient
spectroscopy measurements.”) This particular trap, due to its
fast dynamic response in nature, cannot be considered respon-
sible for the long-term photocapacitance behavior. It is worth
noting that the steady-state capacitances Cs(7) in Figs. 1(a)
and 1(b) were recorded respectively in 5min and 1h units
and also plotted in shifted ordinates. The heights of Cs(z)
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Fig. 1. The transient capacitance response of the undoped GaN during the

applications of square voltage recorded at different waiting time, 7, at room
temperature.

on both sides of the figures, due to their logarithmic nature,
are virtually the same for all different time scales used. That
is, the heights of Cs(¢) are the same for r = 0.2 x 5 min,
? = 0.2 x | h, and so forth.

Figure 2 depicts the plot of steady-state values of the photo-
capacitance, Cs(?), versus £. Cs(?) is found to decrease log-
arithmically as a function of ¢ with its value dropping from
113pF at + = Smin to 107pF at f = 12h. The change in
Cs(#) can be expressed approximately as:

ACs(r) « —log(?). 3.1)

Similar phenomenon in photoconductivity behavior was ob-
served in the plastically deformed n-type GaAs reported by
Nakata and Ninomiya.'? They ascribe this unique feature to
the carrier recombination involved with the dislocations pre-
sented in the epilayer. We believe this is also the very case
which occurred in our heteroepitaxial GaN film.

It is known that due to the lack of a lattice-matched sub-
strate, the GaN epitaxial film usually contains large quantities
(>10% cm™?) of threading edge dislocations.® By using scan-
ning capacitance microscopy, Hansen ef a/.> found that in the
vicinity of dislocations, the electronic structure appears to be
negatively charged, which is very different from the rest of the
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Fig. 2. The steady state value of transient capacitance, Cs{f) versus wait-
ing time ¢ at room temperature.
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region. They attributed this to the presence of deep acceptor-
like trap states near the valence band associated with thread-
ing dislocations. This view was soon supported by Wright and
Grossner” and Elsner et al.¥ using density-functional theory
to study the effects of doping and growth stoichometry on the
core structure of threading dislocations for GaN. Their cal-
culations showed that the edge dislocations indeed play an
essential role as electron traps, i.e., acceptor-like defects, in
an n-type GaN material. The foregoing arguments certainly
provided us with valuable hints towards the explanation of our
observed data.

In this experiment, the GaN sample was subjected to light
illumination at the beginning, generating a substantial num-
ber of excess holes in the valence band as shown in Fig. 3(a).
Owing to the characteristic of the short minority carrier life-
time (~ 6.5ns) in n-GaN,'? the excited holes soon migrate
to the dislocations. At the end of photopumping, most traps
along the dislocation lines are conceivably filled with holes
and become neutrally charged [Fig. 3(b)]. When the light is
switched off, the trapped holes remain at the dislocations until
recombination with electrons from the conduction band {Fig.

Ec
hy
NN
[SXSXeICICleIe)
+ + + + + + + £v
@
- - -----
+ + + + + + +
006 G0
E,
(b)
- - - - 5
+ + + +
CICICICKCXCOXC)
E,

Fig. 3. The status of excess carriers in GaN (a) during the photopumping
(b) at the time soon after the photopumping, and (c) at prolonged time after
the switch-off of the light. The open rectangles enclosing negative charged
ions symbolizes the groups of linear arranged dislocation traps.
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3(c)]. It is worth mentioning that the capture of electrons by
dislocations discussed here proceeds relatively slowly com-
pared to the capture of holes in the valance band. This is
becaunse these dislocation traps in principle act as repulsive
Coulomb scattering centers for nearby electrons. Unlike the
filling of holes, a cylindrical potential barrier® is presented
between the free electrons and dislocation lines due to the na-
ture of the negative charge property of the core dislocation.

The description of the electron captured by dislocations
using the barrier-limited recombination model was given by
Figielski.'? In this model, the electron capture rate for lin-
early arranged traps, such as dislocation lines, is assumed to
be limited by the barrier height of the corresponding cylin-
drical potential, set up by the electrons already caught by the
dislocations. The electrostatic potential at time ¢ established
in the depletion region due to the uniform trap concentration
can be written as ¢ () = ¢ont(t)/n1o, where nt (1) is the con-
centration of traps actually occupied with electrons and the
subscript “0” denotes their final steady state values under the
experimental condition. The height of the barrier increases
gradually with the increasing number of trapped electrons,
making the subsequent capture of electrons in the conduc-
tion band more difficult. Consequently, a prolonged charge
transfer phenomenon resulted in the diode.

Since only those free electrons having sufficient energy to
surmount the potential barrier can reach the trap site and re-
combine with holes, the rate equation for this electron capture
process, therefore, can be written as:

dny —q¢(1)

= = oo (N1 — ny) nexp T

where v, is the thermal velocity of the electrons, or and
Ny are respectively the electron capture cross section and
the total concentration of the dislocation traps, » repre-
sents the free electron concentration outside the barrier, and
nexp[—q@(1)/kT] here is the amount of free electrons that
can leap over the barrier. For simplicity, the concentration of
the dislocation traps Ny is assumed to distribute uniformly
throughout the semiconductor. With the initial condition
n1(0) = 0 and the agsumption of a slow electron filling pro-
cess associated with the dislocation traps, i.e., nr(f) <« Ny,
one can arrive at an approximate solution to eq. (3.2) in the
form of:

(3.2)

kT t+ £
np(e) = LIy I (3.3)
g o 1o
where
kT
fo = 10 (3.4)

'q orvangoNt
For ¢ > 1 and after substituting eq. (3.4), eq. (3.3) can be
expressed as a linear equation in a linear form of:

ne(t) =a+blnt, (3.5)

where ¢ = —orv,nNrtyIntg and b = opv,nNrty. We pro-

pose the photocapacitance Cs(#) is related to the charge state

affiliated with the dislocation traps and can be expressed as:'®

Cs(t) = Cs(0)[1 — nr(t)/Np)™?
~ Cs(O)[1 — 0.5n1(£)/ Np]

for n1(t) <« Np, where Np is the donor density in the space
charge region. Hence from eq. (3.6) and the Cg(¢) versus ¢

(3.6
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Fig. 4. The ratio of n7(#) and Np versus waiting time ¢ at room tempera-
ture.

curve in Fig. 2, we then obtained ny(r) of each ¢ and plotted
it in Fig. 4. From the ratio of the retrieved slope and intercept
of ny(t) = a + blnt, we obtained the time constant #y of
~34.5s. Since we know that Ny/Np has a lower limit of
~20% from Fig. 4, together with the obtained time constant
to, slope b, and n = 4.7 x 10'® cm™3, we obtained an upper
limit of capture cross section of o7 ~ 2.89 x 10727 cm?. For
comparison, a straight line using the same time constant and
the same upper limit value of the capture cross section is also
plotted in Fig. 4 to simulate the conditions of £ > f,.

From Fig. 2 and Fig. 4, it is evident that our measured
photocapacitance and trap concentration essentially follow
the theoretical prediction when the waiting time ¢ (delay) is
longer than 3 min, satisfying the condition of ¢ > . The
capture cross section or obtained is much smaller than the
physical size of a hydrogen atom (~ 107! ¢cm?). This is con-
sistent with our earlier repulsive Coulomb potential assump-
tion. Nonetheless, departure of the experimental data from
the simulated line is observed for ¢ > 500min. After such a
long waiting time ¢, the trapped electron concentration nt(f)
tends to approach its final saturation value nyg. Under this
circumstance, the linear dependence of cylindrical potential
on the concentration of the trapped electron is no longer valid
and the electron capture process slows down markedly and
eventually ceases.

In summary, the dynamic photocapacitance decay behavior
of an undoped, MOVPE-grown GaN film observed at various
waiting times ¢ after switching off illumination was measured.
The steady-state value of the capacitance decays logarithmi-
cally with the waiting time #. We argue that this phenomenon
is closely related to the electron capture process at the dis-
location traps, which can be explained satisfactorily with the
barrier-limited recombination model. The characteristic time
constant 7 and the capture cross section o of the electron
filling process were experimentally determined to be ~34.5s
and <2.89 x 1072 cm?, respectively.
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