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Anomalous deep-level transients related to quantum well piezoelectric fields
in In,Ga;_,N/GaN-heterostructure light-emitting diodes
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The anomalous inversion of capacitance transients was observed during deep level transient spectroscopy
characterization of InGaN/GaN based blue light-emitting diodes. Deep level C (E-—E;=0.25 eV), a majority
carrier trap related to isolated point defects, has a negative transient when the bias stimulates it only in the bulk
region and has a positive transient when the filling pulse is such that the quantum well (QW) region is probed.
We explain this observation by a model based on the confining effects of QW piezoelectric fields on the charge
emitted by deep levels. Instead of being collected by the junction, this charge is rearranged in conduction band
states of the multi-QW region, shifting its center of mass toward the bulk. We measured the strength of
piezoelectric fields (2.3 MV/cm) and the QW In fraction (x=0.15) by means of photocurrent spectroscopy, and
we tested the accuracy of our model by comparing a Schrodinger-Poisson simulation with our experimental

data, finding substantial agreement.
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I. INTRODUCTION

The polarization properties of nitride materials have been
the object of a wide number of studies in the past decade.'”’
Especially in multiquantum well (MQW) systems, widely
used in optoelectronic devices such as lasers, light-emitting
diodes (LEDs), and modulators, spontaneous and piezoelec-
tric polarizations, arising at the heterostructure interfaces
have important consequences on a wide class of optoelec-
tronic and electrical properties of the device. The quantum-
confined Stark effect in InGaN/GaN/AlGaN quantum wells
(QWs), for instance, is basically different from those in
analogous systems based on nonpolar materials.*® More-
over, it has been shown that the strong modifications to the
band profiles in the junction region have important effects on
the current transport,”’ as well as the capacitance-voltage
(C-V) characteristics'®!! of nitride-based p-n heterojunctions
and MQW systems.

Deep level transient spectroscopy (DLTS) in semiconduc-
tor heterostructures, mostly transistor [high electron mobility
transistor and heterostructure field effect transistor (HFET)]
and optoelectronic structures (LEDs and lasers), is a widely
used technique for the characterization of interfacial and sur-
face defect states, as well as bulk defect states.'>'* In some
cases, by means of this technique, it is also possible to char-
acterize conduction band states inside the quantum
wells,>~18 although care must be taken in order not to con-
fuse emission from deep levels localized in the QW region
with emission from QW conduction or valence band states.'
Heterostructures also give rise to observations related to deep
level transients which do not occur when characterizing ho-
mogeneous materials and junctions. Among these, the inver-
sion of current transients in current-DLTS performed in
HFET structures'? and the appearance of positive capaci-
tance transients (usually related to minority carrier emission)
in reversely biased p-n junctions with a filling pulse level
still having negative values, i.e., not able to produce an in-
jection of minority carriers in the analyzed region, have been
studied.?” In all these cases, it is essential to know which part
of the structure is probed during the experiment, i.e., which
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portion of the structure contains the deep levels, the occupa-
tion of which is changed during the bias pulse. This knowl-
edge can be reached with a satisfying degree of accuracy by
complementary  experimental  techniques, such as
capacitance-voltage (C-V) profiling, photocurrent (PC) spec-
troscopy, and other electrical and optical characterization
techniques, as well as by computer simulation of the electro-
optical properties of the structure.

In this work, we characterize LED test structures by
means of DLTS, finding that the capacitance transients re-
lated to majority carrier emission invert depending on the
bias parameters used. Comparing the DLTS bias parameters
with the apparent charge profile from C-V characterization,
we find that the inversion occurs when the DLTS filling pulse
probes the QW region, and the reverse bias is such that the
QW region is depleted. We relate this set of observations to
the existence of piezoelectric fields in the MQW system. The
inversion of the capacitance transient is thus an effect of
polarization fields, the strength of which is estimated by
means of PC spectroscopy. This inversion is due to the sup-
pressed collection of carriers emitted from deep levels be-
cause of the presence of an average positive field in the
MQW system opposite to the negative junction field. This
means that the charge emitted from deep levels can still be
trapped in conduction band states in the MQW system when
the reverse bias is restored, with consequent negative effects
for device operation at high frequencies. This conduction
band charge may also give rise to a nonradiative recombina-
tion when the junction is switched to positive bias, thus low-
ering the quantum efficiency and frequency response.

The work is organized as follows. Section II describes the
experimental details regarding analyzed samples and instru-
mentation. Section III exposes the results. By means of pho-
tocurrent spectroscopy (Sec. Il A), we determine the
strength of the piezoelectric field in the active quantum
wells, finding that it is high enough to provide an average
field more intense than and opposite to the junction field.
Capacitance-voltage (C-V) characterization is presented in
Sec. III B; from these results, we obtain the information for
adequately probing the different regions of the junction by
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means of DLTS. The results of this technique are shown in
Sec. III C. We show here how the dominant peak inverts
depending on the bias parameters used. In Sec. Il D, we
investigate more thoroughly the nature of the dominant deep
level, excluding that it is associated with extended defects
having potential barrier. In Sec. IV, we discuss the results
and formulate the hypothesis on which the explanation of the
transient inversion is based: this is due to the opposition of
the piezoelectric field to the junction field, which prevents
the charge emitted after the forward bias pulse from being
collected by the junction. This charge is rearranged, after
emission from deep traps, to conduction band states in the
whole QW region, shifting its center of mass deeper toward
the bulk but remaining in the MQW system. We show how
this can yield a positive capacitance transient (Sec. IV A). In
Sec. IV B, we simulate the conduction band charge distribu-
tions in a typical junction structure, showing that the forward
bias pulse injects electrons almost only in the first QW (clos-
est to the junction), and that electrons emitted from deep
traps after the pulse cannot be collected by the junction field,
being rearranged in the MQW region with their center of
mass deeper toward the bulk. In Sec. IV C, we finally com-
pare the predictions of model and simulation with our experi-
mental results, showing that they are in substantial agree-
ment.

II. EXPERIMENTAL DETAILS

The vertical structure of the device consists of an n-doped
SiC substrate, a low-temperature buffer layer, a 2 um thick
Si-doped GaN layer (nominal doping concentration Np=5
X 10" ¢cm™), an active region with a fourfold InGaN/GaN
multiple quantum well system, a 100 nm thick heavily Mg-
doped AlGaN cladding layer, and a 200 nm heavily Mg-
doped GaN contact layer. The structure was grown along the
crystallographic ¢ axis, so that polarization fields parallel to
the basal plane arise at the abrupt interfaces between layers
with different alloy compositions. Squared chips with
250 um sides, bonded on metallic packages TO18 with a
bicomponent epoxy resin acting as Ohmic cathode contact,
have been studied.

Photocurrent spectra were collected at room temperature;
light from a QTH lamp with enhanced UV emission was
chopped at f=16 Hz, monochromatized in a CornerStone
260 monochromator with spectral resolution AN=1 nm, and
directed on to the sample. The photocurrent signal was col-
lected by a SR 830 lock-in amplifier. External quantum effi-
ciency (EQE) spectra were calculated, dividing the photocur-
rent spectra by the spectral photon flux previously measured
by means of a thermopile detector with flat response in the
analyzed spectral region.

C-V measurements were performed at room temperature
and at 7=217 K at 1 MHz frequency with a Boonton 7200
capacitance meter, and the apparent charge profiles as a func-
tion of depth ny(x) and as a function of reverse bias n¢y(V),)
were calculated by approximating the junction as p*-n. I-V
characteristics were collected by means of a Keithley 6517
electrometer, with sensitivity in the range of tens of picoam-
peres.
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FIG. 1. (a) Quantum well edge of the photocurrent spectra evi-
dencing the blueshift of the absorption edge with increasing reverse
bias, as indicated by the arrows. Spectra were collected with V,
=0 V (solid line), V,=—5 V (dashed line), V,=—10 V (dotted line),
and V,=—15 V (dash-dotted line). (b) The quantity 3 defined in Eq.
(1) as a function of the reverse bias and the second order polyno-
mial fitting the data. The minimum of the parabola indicates the
value of the compensation voltage V-

DLTS measurements have been performed in the tempera-
ture interval of 100—300 K; the spectra were collected with
different values of reverse bias V), and filling pulse Vyy, in
order to probe different regions of the n side of the junction,
and with different values of filling pulse duration ¢,, in order
to investigate the capture kinetics of the dominant level. The
capacitance transients were analyzed by means of a SULA
Technologies deep level spectrometer with exponential cor-
relator.

III. RESULTS
A. Determination of piezoelectric field strength

The experimental determination of the strength of the pi-
ezoelectric fields arising in the InGaN/GaN quantum well
embedded in a light-emitting diode is possible with several
experimental techniques, including photoluminescence,>>
electroabsorption,® and PC.*” This latter technique is very
accurate, provided the sample under study allows the obser-
vation of the so-called compensation voltage, in conditions
usually satisfied in purposely designed p-i-n junctions.* In
this work, we found the piezoelectric field by means of pho-
tocurrent, in a slight variation of the technique described by
Franssen et al.” This technique is based on the measurement
of the external bias V., compensating the piezoelectric
field in the quantum well. This compensation is analyzed by
observing the bias-dependent shift of the absorption edge in
the EQE spectra obtained by normalization of the PC spectra
by the photon flux.

In Fig. 1, we report the EQE spectra of the analyzed
sample in the region of the absorption edge of the QW, col-
lected at different applied bias. It is possible to observe the
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blueshift of the absorption edge induced by the increasing
reverse bias, as well as the intersection of all curves at the
same energy point &,,,=2.86 €V, a peculiarity already re-
ported in the photocurrent study of blueshift in
Ing 0sGag9oN/GaN QWs.” This value is assumed to be the
actual gap of the QW. A slight modulation is superimposed
on the spectra due to the occurrence of interference effects in
the multilayer structure. The compensation voltage is the ap-
plied bias minimizing the following integral:’

S(V,) = J SV, de, (1)
0

where S(e,V,) is the EQE signal at photon energy & and bias
V. In the present case, we found this minimum by extrapo-
lation, performed with a second-order polynomial fit of the
values of X (see inset of Fig. 1). The value of the compen-
sation voltage is V,,,,,=—24+1 V. A more accurate determi-
nation of the value of V., could not be achieved due to the
structural parameters of the junction: in fact, photocurrent
signal at |V,,| > 15 V was too noisy to allow the collection of
the spectra.

From V,,,,,, it is then possible to calculate the piezoelec-
tric field by knowing the structural parameters through the
formula’

q NAND
Fp7=_ bar
- & NA+ND

\/ N2N2 2 28s(Vbi + Vcomp) NAND

£ + ,

(N4 +Np)? yar q Njy+Np
(2)

with N, and Np the acceptor and donor concentrations in the
p- and n-type layers, respectively, €, the semiconductor di-
electric constant, g the elementary charge, V,; the built-in
voltage, and d,,, the sum of all barrier widths. This formula
requires the knowledge of the structural parameter d,,, and is
valid only for abrupt junctions with uniform doping density.

Another procedure for the determination of the piezoelec-
tric field at the compensation voltage is the comparison with
the maximum junction field of a biased p-n junction,’!

o = P Vo) = )
comp.
Z(V L com, )
Ty, (3)

s

where w(V,) is the depletion region width and C(V,) is the
capacitance per unit area at the applied bias V,,. This calcu-
lation is independent of structural parameters, which implic-
itly determine the dependence of the experimentally mea-
sured C on V. The maximum junction field approximates
the one actually superimposed to the piezoelectric field, be-
cause the MQW region is not exactly located at the junction
point. However, C-V characterization indicates that the
MQW region is much closer to the junction point than to the
depletion region edge at V,,,,, so that the approximation
given by Eq. (2) is valid.
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FIG. 2. Apparent carrier profile (solid line, referred to right ¥
axis) and the peak DLTS signal at e,=46.5 s~! (squares, referred to
left ¥ axis) at T=217 K from a multi-QW LED. The DLTS signal
was measured with filling pulse Vi and reverse bias V), (the latter
appearing as abscissa coordinate) related by V=V, +1 V.

For the determination of the piezoelectric field, the result
from Eq. (2), assuming N,>N,=4X 10" cm™ (the bulk
concentration measured by C-V profiling) and d,,,=30 nm,
yields F,,=2.31+£0.05 MV/cm, while calculation from Eq.
(3), considering the value of the capacitance at V,,,,,, yields
F,,=2.320.1 MV/cm, in excellent agreement with the pre-
vious value.

The value of €, ;,,=2.86 eV corresponds, according to the
results of Wu ef al.,?? to an In fraction x=0.15. The theoret-
ical value of the QW piezoelectric field predicted for this In
fraction’ is F »:=2.65 MV/cm, in good agreement with our
estimate.

The value found for the piezoelectric field in our QW
region is sufficiently intense for a strong modification of the
band profile in the junction region of the device. Thus, there
is a positive net average field in the MQW region, opposed to
the negative junction field. The effects of this net average
field on the charge distribution during voltage pulses occur-
ring during DLTS will be discussed in Sec. III.

B. Capacitance-voltage charge profiling

Capacitance-voltage profiling of MQW junctions is an ex-
tremely sensitive technique for the investigation of structural
properties. The charge profile n-y and the junction depth x
obtained by the standard calculation?! can be shown to re-
produce the actual depth of the quantum well system and the
doping concentration in the bulk of the junction.?3* If the
QWs are sufficiently spaced, C-V profiling makes it also pos-
sible to determine the number of QWs in the junction; struc-
tures for device applications such as those under investiga-
tion do not allow the resolution of the number of QWs.

In Fig. 2, the apparent charge profile versus applied bias
ney(Vy) is reported. When 1.5>V,>—1 V, the edge of the
space charge layer crosses the MQW region. Rigorously
speaking, one could not even define an edge of the space
charge region because in this bias interval, there is no net
separation between one spatial region depleted of conduction
band carriers, and another with conduction band carrier equi-
librium concentration. In this bias interval, in fact, the small
bias modulation changes almost exclusively the electron con-
centration inside one or more QWs. The profile in this bias
interval indicates two main concentration peaks. This does
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not mean that there are only two QWs because narrowly
spaced QWs give rise to overlapping peaks. When the bias
varies between —1 and -2 V, a region with apparent charge
in smaller concentration appears. This is the bias interval in
which QWs are not filled, and the edge of the space charge
region (now well defined) crosses the layer immediately next
to the MQW system. When the reverse applied bias is V,
<-2V, eventually the depletion region edge crosses the
GaN bulk region and the apparent carrier concentration ncy
equals the concentration of donors in the bulk. The presence
of a region next to the MQW system with lower apparent
charge concentration than in the bulk is generally observed
even when the concentration of the GaN layers immediately
next to the MQW system is equal to the bulk concentration
and is due to the upward bending of the conduction band in
the MQW region.?*?* The width of this “depleted region”
can increase if the doping density in the GaN layer next to
the MQW system is lower than the bulk doping density.

C. Deep level transient spectroscopy

Information from C-V profiling is important when per-
forming DLTS characterization. Among the most important
parameters of DLTS, in fact, are reverse bias level V, and
filling pulse V. These determine the region of the junction
where the occupation of deep levels is varied,? and therefore
the region from which the emission of carriers is observed.
The possibility of tuning the junction region probed by DLTS
is particularly useful in experiments involving semiconduc-
tor heterostructures.!>16:18.19

DLTS was performed in a set of samples from the same
wafer in the temperature interval of 100—300 K. This tem-
perature allowed us to exclude phenomena due to charge
carrier freeze-out, occurring at the relatively high tempera-
ture T;,~80 K due to the high activation energy (E,—Ey,
=0.2 eV) of Mg acceptor levels.”® The detection of DLTS
peaks with temperature close to Ty, can be affected by the
increase in the series resistance R. As the capacitance C,,
measured at frequency f is related to the real capacitance
by27

C

Cn= T 2 mfROR “

capacitance pulses in negative direction and inverted deep
level transients occur when the junction is at temperature
close to Ty,.2% The temperature interval of 300—450 K was
also investigated, but no deep levels with detectable concen-
tration were found in this region. From the /-V characteris-
tics, the current level throughout the whole temperature and
bias interval considered was always lower than 10 pA, cor-
responding to a current density lower than 1.6
X 1078 A/cm™. This rules out an important source of arti-
facts in the capacitance measurements

Deep level transient spectra are shown in Fig. 3(a). Each
DLTS spectrum evidences the presence of a dominant peak.
This peak is labeled C, in the spectrum collected with V),
=—1 Vand V=0V, with positive sign, and C_ in the spec-
trum collected with V;,==3 V and V;=-2 V, with negative
sign. Peaks with positive amplitude in capacitance-DLTS are
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FIG. 3. (a) Positive spectrum: DLTS spectrum collected with
Vp=—1V, V=0V, and 7,=10 ms. Negative spectrum: DLTS
spectra collected with V,==3 V, Vg;=-2V, and #,=10 ms. The
emission rate is e,=46.5 s~ In the inset, capacitance pulses and
transients giving rise to peaks C, and C_ at T=217 K. (b) The
Arrhenius plot shows the overlap of the signatures of C, (triangles)
and C_ (circles).

usually described as due to the emission of minority carriers,
in the present case of holes, from a deep center to the valence
band.?*?> However, the positive sign of peak C, cannot be
put in relationship with minority carrier emission. First, the
injection of minority carriers should take place by biasing the
junction positively, and this does not occur in the present
case. Secondly, the Arrhenius analysis [Fig. 3(b)] evidences
that C, and C_ have the same trap parameters, i.e., an energy
E-—E;=0.25+0.03 eV and an apparent capture cross section
0,~ 107" cm?. Therefore, we infer that C, and C_ are re-
lated to the same deep level C. This, as a consequence, rules
out the possibility that deep level C, is related to emission
from QW states because this deep level is detected also when
portions of the only GaN bulk are probed.

The amplitude of peak C was profiled in the following
way: DLTS amplitude was recorded at 7=217 K and emis-
sion rate e,=46.5 s~!. The reverse bias V, was varied while
keeping the filling pulse level V;=V,+1 V, i.e., maintain-
ing a constant pulse amplitude equal to 1 V and a constant
filling pulse width #,=10 ms. This allowed us to probe a
small region of the device excluding the simultaneous solici-
tation of deep levels in the bulk and in the MQW region
while keeping a good signal from the capacitance transient.”
By keeping the pulse amplitude sufficiently low and varying
only the reverse bias level, we were thus able to know in
which region of the sample the deep level transitions actually
occurred. This knowledge was reached through the compari-
son of the deep level profile with the apparent charge profile
from the C-V characterization (Fig. 2).
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As far as the pulse varies the occupation of deep levels in
the bulk of the n-type region (|V,|>2.5 V), the DLTS peak
is negative. The uniformity of the concentration of free
charge in the bulk allowed us to estimate the concentration of
deep level C in this region of the junction. Considering the
so-called \ effect,’” the concentration of C is calculated as
N,=(1.0+0.1) X 107 cm™3, about one-fourth of the doping
concentration in the bulk.

For V,,>-2.5 V, the absolute value of the amplitude of
peak C_ tends to decrease. At V,=—1.75 V, the transient is
inverted and the amplitude of C becomes positive. The am-
plitude of peak C, has a maximum at V,=—1.5 V, then de-
creases and becomes negative for V;,>—-0.8 V. Comparison
with the n.y profile indicates clearly that this inversion of the
peak occurs when the reverse bias V), crosses the depleted
region immediately right of the MQW region, while the fill-
ing pulse level V;, probes the MQW region. The inversion
of the peak amplitude thus occurs when the filling pulse
affects the occupation of deep levels in the MQW region,
where piezoelectric fields are present. This strongly suggests
that these fields play a key role in the inversion of the tran-
sient. The validity of this hypothesis will be discussed in the
next section. It is interesting to notice that the inversion of
the transient is not accompanied by the inversion of the ca-
pacitance pulse [inset of Fig. 3(a)]. This indicates that the
inversion of the transient is inherent to the charge redistribu-
tion occurring upon deep level discharge, not to other effects
influencing the measurement of the capacitance such as those
observed during freeze-out or in the presence of a very high
series resistance.?’?® The reverse bias value for which the
transient becomes negative again (V,=-0.8 V) is such that
the MQW region is already filled with conduction band elec-
trons.

It is important to point out that the inversion of the tran-
sient is not a peculiarity of deep level C. On performing
optical-DLTS experiments (DLTS with optical excitation in-
stead of a bias pulse), we found a deep level with clearly
different parameters (E-—E;=0.10 eV, 0,=5X 107> cm?)
significantly showing the same transient inversion in the
same interval of reverse bias values V,. Finally, the same
combined analysis of DLTS and C-V characterization was
performed on a slightly different nitride-based LED structure
with a single QW, without any inversion of the transient.
This result is presented in Fig. 4.

D. Nature of deep level C

For the purpose of this analysis, based on the study of the
effect of piezoelectric fields on the emission from a deep
level, it is essential to exclude the presence and the influence
of other electric fields. Thus, we have to exclude that emis-
sion from a deep level related to extended defects with a
potential barrier associated occurs.’'*> When an extended
defect becomes charged, an electric field builds up around
the defect and superimposes on the piezoelectric field and on
the junction field. Point defects tend to segregate along dis-
location lines in GaN: in fact, the same deep traps tend to
behave as point defects in dislocation-poor material, and as
line defects in dislocation-rich material. Care must be taken,
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FIG. 4. Apparent carrier profile (solid line, referred to right ¥
axis) and the peak DLTS signal at e,=46.5 s~! (squares, referred to
left Y axis) at 7=217 K in a single-QW LED. The DLTS signal was
measured with filling pulse Vi and reverse bias V), (the latter ap-
pearing as abscissa coordinate) related by V;;=V,+1 V.

therefore, when handling with a material such as n-type ep-
itaxial GaN grown on a mismatched substrate.> Several
deep levels related to emission from extended defects with
potential barrier have been reported in n-type GaN.!3343>
Some of these levels, i.e., E1 (Ref. 34), ED1 (Ref. 13), and
A5 (Ref. 35), have parameters very close to those of deep
level C of this work (see Table I) and have been related to
extended defects upon analysis of capture kinetics.

The analysis of filling kinetics of deep level C is pre-
sented in Fig. 5. The DLTS peak signal was collected at T’
=217 K and with emission rate e,=46.5 s~!, while the filling
pulse width 7, was varied from 107 to 0.1 s. The filling ki-
netics for V,==5 V and V;=-4 V shows a logarithmic be-
havior for at least four decades (z, in 10°°~107% s), while the
same measurement for V,=-5V and Vp;=-2V shows a
very different behavior, as the amplitude of the DLTS peak
remains almost constant throughout the whole interval of
pulse widths investigated. The filling behavior with V,
==5 V and V;;=-3.5 V is a sort of average between the two
aforementioned extrema. This set of observations, in which
we carefully chose the DLTS parameters in order to probe
only the bulk n-type region, can be explained through the
model by Pons.3® According to this model, the filling kinetics
is dominated for low filling pulse amplitudes by the Debye
tail of free carriers. This translates into a nonexponential
dependence of the DLTS amplitude on the filling pulse
width, which resembles a logarithmic dependence.® When
the filling pulse amplitude is increased, deep levels are

TABLE I. Deep level parameters in n-type GaN.

Energy E-—E, Cross section g, Concentration ny

Deep level (eV) (cm?) (cm™)
C,? 0.25+0.03 5x 10710

C2 0.24+0.03 6x 10710 10"
E1b 0.18-0.27 5.43x1071 9.5x 10"
EDI® 0.23

Ayl 0.24 3.4x107" 1013105
4This work.

PReference 34.
‘Reference 13.
dReference 35.
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FIG. 5. Amplitude of DLTS signal at 7=217 K and emission
rate e,=46.5 s7! versus filling pulse width. Full symbols refer to the
signal giving rise to peak C_, measured with the same reverse bias
level V,==5V and variable filling pulse level; squares, Vg
=—4V; circles, Vy;;=-3.5V; and triangles, Vg;=-2 V. Empty
squares refer to the signal giving rise to peak C,, measured with
Vb=—1.5 V and V_ﬁ”=—0.5 V.

charged by free carriers with the equilibrium bulk concentra-
tion, while Debye tails of free carriers play a minor role. This
yields an increasingly exponential-like dependence of the
DLTS amplitude on the filling pulse width. This trend is
reproduced in the case being studied. We are not able to
observe the decrease of the DLTS signal for low filling
pulses in the case of V,==5V and Vj;=-2 V because the
charging up of the deep level is too rapid for detection.

The interpretation of the filling kinetics with V,=—1.5 V
and Vj;;=—0.5 V is less straightforward. In this case, the bias
parameters of DLTS are such that deep level C has a positive
peak with maximum amplitude, and the signal comes mostly
from deep levels inside the MQW region. For this reason, it
is not meaningful to vary the filling pulse amplitude because
this junction region is highly nonuniform. However, one can
notice that the dependence of the DLTS signal on the filling
pulse width 7, resembles a logarithmic dependence with a
constant baseline. The most likely interpretation for this
anomalous filling behavior, occurring when the deep level
transient is inverted, is the following. First, as the filling
pulse charges the quantum well region of the junction with
conduction band electrons, carriers in the QWs are in high
concentration and tend to fill the deep levels rapidly in their
immediate neighborhood, yielding the constant base line.
Second, due to the penetration of the wave function of con-
fined electrons in the GaN barriers, deep levels more distant
from the QWs tend to fill slowly, yielding the logarithmic
part of the filling kinetics.

This set of observations on the filling kinetics of deep
level C indicates that this is definitely not related to extended
defects giving rise to potential barriers and surrounding
fields upon charging-up, but to isolated point defects.

IV. DISCUSSION
A. Transient inversion in presence of piezoelectric fields

The problem of the inversion of deep level transients de-
pending on the bias parameters used in transient spectros-
copy experiments is a well-known topic in the case of cur-
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rent transients,!? but no explanation is so far available for the
case of capacitance transients. The case of transient inversion
in the presence of a heterostructure junction with piezoelec-
tric fields, for instance, has never been considered. In the
present case, we deal with a quiescent reverse bias level V,,
for which the MQW region of the junction is depleted of
conduction band electrons and with a filling pulse level V
such that the MQW region is filled with conduction band
electrons. One of the consequences of this description is the
following: during the quiescent reverse bias, it is possible to
well define a depletion region width, related to the capaci-
tance C per unit area by

8S SA‘
C == N
WX, +x),

(5)

where x, and —x, are the limits of the space charge region,
provided the junction is located at x=0. We assume that the
approximation of one-sided junction is valid; therefore, w
=~ x,. Applied bias V), and charge concentration are then re-
lated, once solved the Poisson equation, by

1 [
Vii=Vp=— s_f p(x)xdx. (6)
s —Xp

The quantity p(x) is the space charge density, consisting of
different components,

p(x) == gN,(x) + gNp(x) + go,,/(x) = gnlx),  (7)

where N4(x) is the net distribution of ionized acceptors on
the p side, Np(x) is the net distribution of ionized donors on
the n side (including compensation due to ionized deep
traps), o,,/(x) is the distribution of polarization charges at
each InGaN/GaN interface (considered with its proper sign),
and nz(x) is the distribution of trapped electrons injected in
the junction region by a forward bias pulse.

The hypothesis leading to the demonstration of an in-
verted capacitance transient is the following: the trapped
electrons injected during the bias pulse are, as usual, emitted
from the deep levels with a characteristic emission rate e,
once the reverse bias is restored at t=0. However, differently
from the junctions with no piezoelectric field opposed to the
junction field, the emitted electrons cannot be collected by
the junction, but are trapped in conduction band states in the
MQW region. This process can be described through a time-
dependent distribution function,

_an(-xvt) =_qNTf(x’t)7 (8)

where N is the number of trapped electrons per unit area
and with the distribution function f(x,) having the property

fx" f=1, =0, )

stating that no emitted electrons are collected by the junction
field. With this property the possibility of positive transients
can be demonstrated. For a positive transient to exist, in fact,
the following equivalent relationships for capacitance and
depletion region width must be verified:
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Co>Cooowy<w,, (10)

where the indices 0 and o refer to the beginning of the tran-
sient (+=0%) and infinity, respectively. Thus, at =0, one has

0
Vbi - Vb = i - f NA(x)xdx

. f " N (0) + 00(0) = (.0 I .
0

(11)

while for t=00,

0
Vbi - Vb = i - f NA(.X).xd.x

¥ j " INp) + 0x) — nyx,) I
0

(12)

Comparing Eqgs. (11) and (12) and observing that during the
transient the static interface polarization charge o, is con-
tained inside the space charge region, one finds

J h Np(x)xdx - NTJW0 f(x,0")xdx
0

0

= f“’w Np(x)xdx — Nwaxf(x,OO)xdx. (13)
0

0

This equation, approximating the donor density as uniform at
the depletion region width [N(wq) =Np(w..)] and carrying
out the integration on the terms including the donor density,
yields

wa = W(z) 2Ny (fwxf(x,oo)xdx - fwof(x,OJr)xdx) .
0 0

" NoOw.)
(14)

Thus, the condition for the positive transient is equivalent to
a condition on the average value of the distribution of the
electrons trapped by deep levels during the bias pulse and
emitted during the transient. It is interesting to notice that, by
simply omitting the integral at t=c, Eq. (14) reduces to the
standard case in which the emitted charge is collected by the
junction and the transient is negative. This also explains the
missing transient inversion in the single-QW structure: a
single QW system does not have the capability to retrap the
emitted carriers in other QWs and to redistribute them spa-
tially. Majority carriers emitted by deep levels are collected
by the junction field and transient inversion is not possible in
a SQW system.

B. Simulation of charge profiles during deep level transient
spectroscopy pulse and reverse bias

The results of Sec. IV A show that a positive transient is
possible in a junction if the charge injected by the bias pulse
is emitted from the deep levels but not collected by the junc-
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FIG. 6. Simulation of band diagrams and conduction band
charge density during reverse bias (solid lines) and filling pulse
(dotted lines). The reverse bias and filling pulse levels are V),
=—1V and V=0V, corresponding to the bias region showing
deep level transient inversion.

tion. Another condition for the positive sign of the transient
is the shift of the distribution of this charge deeper inside the
junction. The occurrence of this process is not obvious, thus
it will be verified in the following by simulation of conduc-
tion band charge distribution during the bias pulse and in the
quiescent reverse bias state. Simulation was performed with
a one-dimensional Schrodinger-Poisson solver’” on a LED
junction structure with typical MQW structural parameters.
The MQW structure has inhomogeneous composition: the
first QW (closest to the junction) has In fraction x=0.15 (as
we measured by PC) and a piezoelectric field equal to the
measured value F,,=2.3 MV/cm; the remaining three QWs
have In fraction x=0.08 and piezoelectric field F,,
=1.4 MV/cm.3 Photocurrent and cathodoluminescence ex-
periments performed on the same samples confirm the non-
homogeneity of the MQW system.*®3 The well width is ¢,
=3 nm and the interwell distance 7,=10 nm. The MQW sys-
tem has a donor concentration Np=10'7 cm™. A 100 nm
thick GaN spacer layer with donor concentration Np=2
X 10" cm™ separates the MQW system from the GaN bulk,
doped with Np=4x10'7 cm™.

The results of the simulation are shown in Fig. 6. When
the bias is at level V,=—1 V (reverse bias, solid lines), the
edge of the depletion region is well defined and lies in the
less doped spacer layer. This is the bias level for which the
ney profile crosses a region depleted of free charge (Fig. 2).
When the bias level is V=0 V (filling pulse, dashed lines),
only the first QW of the MQW system is filled with conduc-
tion band electrons, while the distribution of free carriers in
the spacer layer shifts only slightly. Thus, mostly traps in the
first QW and in its immediate neighborhood are filled. When
the reverse bias level is restored, these traps next to the first
QW emit the electrons, but there is no way for these elec-
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trons to be collected by the junction due to the barrier formed
by the whole MQW system, an effect arising from the pres-
ence of piezoelectric fields in the MQW system. Moreover,
the emitted electrons may be well distributed over the whole
MQW system. This process appears less likely for a structure
with homogeneous In fraction, where the QWs on the right-
hand side of the MQW system would be more difficult to
reach because they are lying higher in energy.

C. Comparison between model and experiment

In order to verify the hypothesis for the transient inver-
sion, we estimate here the amplitude of the DLTS inverted
peak signal according to the model developed in Sec. IV A
[Eq. (14)]. First, from the simulation results the sheet density
of electrons injected in the first QW is n,=3X 10" cm™2
during the forward bias pulse V;=0 V. The donor density at
the edge of the depletion region during the reverse bias V,
=-1V is N;=2x% 10" cm™. The depletion region edge, ac-
cording to the simulation, is located at w= 160 nm. The
number of trapped electrons is likely to be comparable with
the electron sheet density in the QW N~ n, and the trapped
charge, located at the left edge of the MQW system, rear-
ranges itself during the transient and occupies an average
depth at the center of the MQW region. This yields a differ-
ence between the average depths of charge distribution [dif-
ference between the two integrals in Eq. (14)] equal to about
25 nm. With these values, we find that the relative variations
of depth and capacitance before and after the transient are
Aw/w=AC/C=0.015. This value is well in agreement with
the experimental value measured at the DLTS peak (Fig. 3).
The density of electrons per unit area equal to Ny=3
X 10" ¢cm™? corresponds to a deep level concentration nj
=5X 10" cm™ if we suppose that the deep levels charging
up are concentrated in a region of width about double as that
of the QW. This deep level density is roughly equal to the
density of shallow donors in the bulk GaN, and five times as
high as the deep level density measured in the bulk material.
This discrepancy could be explained in two ways. First, the
value found for ny in the QW region is overestimated and
could be reduced by admitting that electrons are trapped in a
more extended region. Second, the density of deep levels
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increases in the MQW region with respect to the bulk density
due to the presence of interfaces and electric fields, which
could yield defect segregation. In any case, the concentration
of deep levels in the MQW region is not lower than that in
the bulk and can give rise to important effects, such as com-
pensation or strong influence on the concentration of
electrons.' It is worth noting that the high concentration of
the deep level is not required for transient inversion, as this
is exclusively due to the presence of piezoelectric fields.

V. CONCLUSIONS

DLTS characterization of InGaN/GaN MQW light-
emitting diodes has been carried out. Depending on the bias
parameters, an anomalous inversion of the capacitance tran-
sient of the dominant deep level C was observed. Deep level
C is a majority carrier trap, related to isolated point defects.
The inversion of its capacitance transient occurs when the
reverse bias leaves the MQW region depleted and when the
filling pulse injects carriers in the MQW region, as the analy-
sis of the C-V profiles indicates. Piezoelectric fields, mea-
sured by means of photocurrent, are intense enough for the
formation of an average positive field opposite to the nega-
tive junction field in the MQW layer. This prevents majority
carriers emitted by the traps from being collected by the
junction, maintaining them in conduction band states in the
MQW region. When the redistribution of electrons during the
transient shifts their center of mass deeper toward the bulk,
the capacitance transient is positive. The validity of this hy-
pothesis was tested by simulating the MQW structure, yield-
ing results in substantial agreement with the experimental
data.
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