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The presence of piezoelectric fields within p-i-n GaN/InGaN multiple quantum well structures is 
discussed. Time integrated and time-resolved photoluminescence measurements and theoretical 
calculations of the effect of these fields is presented.  Furthermore, a description of how these fields 
influence the carrier dynamics and a discussion of how the piezoelectric field effects the design of 
GaN/InGaN devices is presented.  

 

1 Introduction

III-N materials continue to be the focus of research on
the development of UV/blue semiconductor optoelec-
tronics  [1] [2].  This is predominantly due to the success
of Nakamura et. al at Nichia to develop blue semicon-
ductor laser sources with lifetimes sufficient for incor-
poration into consumer optoelectronics  [3] [4] [5] [6]
[7].  With all of the attention paid to device operation,
relatively little attention has focused on the fundamental
properties of these materials.  However, recently much
interest has focused on the presence of piezoelectric
fields within the quantum wells of InxGa1-xN/GaN het-

erostructures  [8] [9] [10] [11].  More importantly, much
research has focused on how the presence of this field
will affect the design of devices based on this material.

It has been recently reported that these piezoelectric
fields are quite large (between 300 to 800 kV/cm for 20
% Indium  [10] [11]). This field is the direct result of the
lattice mismatch between GaN and InN.  The lattice
constant of InGaN increases from that of GaN to the
larger value of InN as the In content increases, resulting
in compressive strain within the InGaN quantum well
[11]. In addition, it has been shown that the piezoelectric
electric field points toward the substrate for materials
grown on a c-plane Sapphire substrate  [11]. As we will
demonstrate later, this is quite convenient for samples

that are grown with n+ GaN deposited on this substrate.
Specifically, this orientation allows the built-in electric
field of the p-i-n structure, Ebi, to partially compensate

for the induced piezoelectric field.

In this paper, we provide some basic theoretical c
culations and continuous wave and time-resolved pho
luminescence experiments to demonstrate the effect
the piezoelectric field.  We present a systema
approach of studying three samples with specific stru
tures to verify the presence of the piezoelectric fie
Specifically, we use a technique, that has been used 
cessfully in work on (111) materials [12] [13] [14], to
calculate the electric field within the quantum well fo
piezoelectric materials embedded within a p-i-n struc-
ture.  Furthermore, we demonstrate that these calcu
tions, and subsequent calculated band-structur
provide accurate descriptions for the observed behav
of InGaN/GaN p-i(MQW)-n samples under optical exci-
tation.  The calculated band-structures are used to 
cuss the expected carrier dynamics of these structu
Moreover, by following the variational calculation fo
energy levels and wave-functions in quantum well stru
tures, following the work of Bastard  [15], we calculat
that in the InGaN/GaN material system the expect
shift of excitonic wavelength caused by the piezoelect
field.  These calculations of the reduction in oscillat
strength predicts persistence of excitonic oscillat
strengths to fields on the order of 1 MV/cm. Furthe
more, this work experimentally demonstrates th
expected increase in carrier lifetime due to the prese
of the piezoelectric field.  Moreover, while there hav
been previous experimental work that demonstrated
increase in carrier lifetime due to the pieozoelectric fie
eg.  [11], we demonstrate the effects of the built-in p-i
field and the importance of a self-consistent model 
calculating the in-well fields in these p-i-n structure
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when interpretating the experimental results. This obser-
vation is in excellent agreement with recent theoretical
calculations by Chow et al.  [16] [17] where he predicts
an optimum well width for minimizing lasing threshold.
The experimental work focuses on time-integrated and
time-resolved photoluminescence measurements as a
function of pump power and excitation wavelength. The
interpretation of the time-resolved PL is discussed in
detail.

2 Growth of In xGa1-xN/GaN Structures

All samples in this work were grown using organome-
tallic vapor phase epitaxy (OMVPE).  The sample struc-
ture is shown in Figure 1.  Growth was performed on a
c-face (0001) sapphire substrate.  Initially, a 4 micron
thick layer of GaN:Si n-contact was deposited.  This
layer was followed by growth of the GaN barrier fol-
lowed by an InxGa1-xN quantum well region.  This bar-
rier and quantum well region was repeated to achieve
the desired number of quantum wells (2, 10, and 20 in
the samples discussed here).  The last quantum well was
capped with a GaN barrier region followed by a
GaN:Mg p-contact layer that varied from 0.2-1.0
microns. This results in an InGaN/GaN MQW region
embedded within the intrinsic region of a p-i-n structure.
The details of the layer thickness and In concentrations
of the three samples studied in this work are presented
in Table 1. The quantum well (QW) composition and
thickness were estimated by x-ray diffraction, using the
satellite reflections.  

In order to calculate the bandstructure for these sam-
ples, the presence of the piezoelectric electric field
within the heavily strained quantum well region must be
included  [18].  Specifically, it can be shown that,
assuming the dielectric constant is the same for all con-
stituent materials, the internal field distribution of p-
i(MQW)-n structures must satisfy the following equa-
tions:

− (Va + Vbi) = EwLw + EbLb (1)

 
where Va is the applied voltage, Vbi is the built-in

electric field, Ew is the field within the well, Lw is the
total width of the well material, Eb is the barrier field
and Lb is the total width of the barrier material.  In struc-
tures that contain piezoelectric fields within the quan-
tum well material, the electric field within the quantum
well can be written as:

Ew = Ep + Ebi (2)

 
where Ep is the magnitude of the piezoelectric field

within the strained well region given by  [11]:                            

(3)

 
where εxx is the in plane strain, cij  are the elastic con-

stants, and d31 is the piezoelectric constant.

Using these equations, it is possible to calcula
accurate values for the fields within the barrier and t
well regions.  Moreover, these equations allow us to c
culate the values of the field within these two regio
under high excitation (Ebi is completely screened and
Vbi = 0), and under dark conditions.  In this work, w
are interested in studying the fundamental properties
the materials without any applied electrical fields (Va =
0) to complicate the modeling and data interpretatio
Furthermore, we estimate the magnitude of the pie
electric field by including the strain mismatch an
piezoelectric constants and techniques described in 
literature  [19] [11].  The numerical results are shown 
Table 2 for all samples with the applied voltage set 
zero.

The resulting schematics of the calculated ban
structure for the three samples under dark conditio
with no applied voltage (Va = 0) is shown in Figure 2.
The band-structures of these materials are quite com
cated.  Specifically, this figure shows that there is 
overall envelope field due to the p-i-n structure (Ebi).  In
addition, because of the compressive strain within t
quantum well region, the piezoelectric field within thes
structures points toward the substrate and theref
opposes the built-in electric field.  Notice, that it is po
sible for the well and barrier regions to see drastica
different electric fields.  The results presented above r
on an accurate value for the piezoelectric field. Here, 
have used previously determined values from the lite
ture  [11]  [19]. Finally, if the piezoelectric field is no
present, the expected shift in excitonic resonance 
screening the built-in p-i-n field would be expected to be
largest in B2, and smallest in B20.  However, in co
trast, when we include the piezoelectric electric fiel
the shift of the excitonic resonance is expected to 
largest in B2 and B20 and smallest in B10.

3 Expected Carrier Dynamics

From this data and from our previous studies of piez
electric (111) samples and p-i-n structures  [14] [20]
[21] [22], we can discuss a number of time-scales wh
certain carrier transport issues dominate.  Specifica
we can discuss time constants associated with the 
lowing phenomena: (a) τperp perpendicular transport, (b)
τR excitonic (in-well) recombination, (c) τyl yellow
2  MRS Internet J. Nitride Semicond. Res. 4, 12 (1999).
 © 1999 The Materials Research Society



                                     

this
er-
tly
lar
n.
pa-
ll

In
at,

  

 

  

ns
ly

  

gral
n

ly
the

  

m
nce

ed
n-
e
 to
oto-
, the
is

ed
the
of
ple
el-
e
a-
ly
in

he
led

  

s,
ere
p
ge-
wn
u-

re
es
o
e-
e
 to
band emission, (d) τSS recombination of spatially sepa-
rated carriers, and (e) τD diffusion of carriers in the n
and p regions. All of these phenomena occur simulta-
neously, however there are time regimes where particu-
lar carrier dynamics dominate.  Specifically, we expect
the perpendicular transport to be very short, a few pico-
seconds, because it only involves the transport of elec-
trons and holes from the intrinsic region to the doped
region under the influence of the built-in p-i-n electric
field. Moreover, it has been found that the radiative
recombination time of carriers in InGaN quantum well
structures are typically between a few hundred picosec-
onds and a few nanoseconds  [23] [24] [25] [26] [27].
Furthermore, using a simple theory it can be shown that
the recombination of the spatially separated carriers
(carriers that are confined to the doped regions by the
built-in p-i-n field) in these p-i-n structures can be as
long as seconds  [28].  Finally, it is well established that
typical decay times of milliseconds has been observed
for the yellow emission.  With these estimates, it is rea-
sonable assumption to assume that τperp < τD< τR < τyl <
τSS.

In these structures, with no applied electrical bias,
the carrier dynamics should be expected to follow the
following general description.  Photogenerated carriers
generated within the intrinsic region of the p-i-n will
drift to the doped regions under the influence of the
built-in electric field.  If there is sufficient power in the
pump source, this process will continue until the built-in
field is completely screened.  Once the built-in electric
field is completely screened, any excess carriers gener-
ated within the intrinsic region will remain in this area
and can contribute to direct recombination (excitonic
emission) within the quantum wells.  This direct recom-
bination will continue as long as there are still sufficient
carriers remaining to screen the built-in electric field.
Note, that the in-well field is drastically changed by the
screening of the built-in electric field (as shown in Table
2).  Any excess carriers screen the electric field within
the quantum well returning the quantum well to flat
band conditions and increasing the oscillator strength of
the excitonic transition  [16] [17].  The theoretical treat-
ment and experimental demonstration of this mecha-
nism is well established for (111) InGaAs/GaAs
piezoelectric p-i-n structures  [14] [20] [29] [30] [21]
[22].  

Once a sufficient number of the photogenerated car-
riers have recombined, the carrier dynamics from this
time forward are similar to conditions of low fluence
incident on the sample.  Specifically, if there is not suffi-
cient power (and therefore not sufficient photogenerated
carriers) to completely screen the built-in electric field,
the majority of the carriers will drift to the doped region

and become spatially separated by the presence of 
built-in electric field.  The percentage of the photogen
ated carriers that arrive at the doped regions is direc
proportional to the respective rates of the perpendicu
transport, diffusion, and all sources of recombinatio
Chow et al. have theoretically demonstrated that the s
tial separation of the carriers within the quantum we
lead to an increase in the carrier lifetimes  [16] [17].  
a similar manner, we have previously demonstrated th
for sufficiently low carrier densities (where the p-i-n
field is not completely screened), the carriers within ap-
i-n structure are strongly confined to the doped regio
by the built-in electric and, therefore, exhibit drastical
elongated carrier lifetimes  [28].    In p-i-n structures,
the electrons and holes have a reduced overlap inte
and therefore exhibit longer effective recombinatio
times.  More importantly, if the carriers are spatial
separated and confined to the doped regions within 
p-i-n structures, we would expect yellow emission fro
the doped regions to be a direct indicator of the prese
of these spatially separated carriers.

Subsequently, the carriers will decay in the dop
regions by either yellow emission from the carriers co
fined in the doped regions or through diffusion in th
plane of the doped regions.  Once the carriers begin
decay, the space charge field generated by these ph
generated carriers begins to decrease. Consequently
screening of the built-in electric field decreases.  In th
way, the remaining carriers are more strongly confin
to the doped regions, resulting in an increase in 
effective recombination time.  We propose that most 
the recombination of these carriers, based on our sim
models and experimental results, contributes to the y
low emission.  Moreover, the diffusion within the plan
of the doped regions is directly proportional to the gr
dient of the carrier distribution.  Therefore, more tight
focused spots should diffuse more rapidly, resulting 
more carriers being more tightly confined.  Thus, t
exact behavior of the carriers is a complicated coup
system that needs to be accurately modeled.

4 Variable Pump Photoluminescence

In order to verify the aforementioned carrier dynamic
photoluminescence (PL) studies of these structures w
conducted for different incident pump powers, pum
wavelengths and spot sizes.  The experimental arran
ment of the photoluminescence experiment is as sho
in Figure 3. The pump source was the frequency do
bled output from a tunable mode-locked Ti-Sapphi
laser that typically produced 20 mW of ~200 fs puls
with a repetition rate of 80 MHz tunable from 360 t
420 nm.  This light was mechanically chopped at a fr
quency of 2 kHz.  The frequency doubled light from th
Ti:Sapphire was focussed onto the sample. In order
 MRS Internet J. Nitride Semicond. Res. 4, 12 (1999). 3
 © 1999 The Materials Research Society
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observe any effects for in-plane diffusion in the n- and
p-doped regions, we adjusted the distance from the
focusing lens to the sample and monitored the laser
spot-size with a Thorlabs Omega meter. The resulting
photoluminescence from the sample was collected by a
focusing lens that focused it onto the entrance slit of a
computer controlled scanning monochromator. The out-
put from the monochromator was detected using a pho-
todiode and standard lock-in techniques.  Moreover, the
power incident on the sample was varied by introducing
neutral density (ND) filters in the path of the incident
pump beam allowing the pump power to be varied from
20mW to a few micro-Watts. In addition, the tunability
of the Ti-sapphire laser allowed the wavelength of the
incident frequency doubled light to be varied.  In this
work we focused on using ~200 fs pulses with central
pump wavelengths of 370 nm (allowing overlap of the
excitation spectra with the bandgap of the GaN material)
and 400 nm (transparent to the GaN layers but absorbed
within the InGaN wells) with approximately 10 nm of
bandwidth. With this setup these measurements could be
performed for various pump power, pump wavelength,
and pump spot-size. For the following discussion of
time-integrated photoluminescence, all data was
acquired at room temperature.

5 Results and Discussions

The above description of expected behavior makes the
interpretation of the data relatively easy.  Figure 4 shows
the integrated photoluminescence for the two quantum
well sample, B2, with a pump wavelength of 370 nm.
Both excitonic emission at 450 nm and yellow emission
centered at 550 nm is evident.  Notice that as the inci-
dent fluence decreases, the yellow emission increases
(relative to the excitonic emission).  This is a result of
the technique used for decreasing the fluence.  In these
experiments we increased the spot size while keeping
the incident power constant.  In this way, the total inte-
grated number of carriers within the sample remained
constant for all fluence levels (they are simply spread
over a larger area).  Recall that the photogenerated carri-
ers are more strongly confined for smaller space charge
fields.  Consequently, lower fluences that result in lower
space charge fields give rise to better carrier confine-
ment in the doped regions.  As stated earlier, the yellow
emission occurs within the n-doped regions.  Therefore,
better carrier confinement means that it is more likely
for the carriers to be in the doped regions and more
likely to decay through the yellow emission.

Figure 5 shows a similar set of data for the 10 quan-
tum well sample, B10, and Figure 6 shows a similar set
of data for the 20 quantum well sample, B20.  In both
cases the behavior is quite similar to that of B2.  How-
ever, the excitonic emission line-width is much nar-

rower.  We believe that the emission of B2 is muc
broader due to the relatively low confinement of the ho
state in the valence band of the quantum well (see F
ure 2).  Moreover, this sample has very large fields in 
quantum well under dark and high excitation conditio
(varying from –400 kV/cm in dark conditions to 70
kV/cm under high excitation).  Therefore, both electro
and hole wave-functions are broadened to include 
increased probably that the carrier can tunnel throu
the sharply tilted barrier.  As should be expected 
observing Figure 2, this probably is much higher for t
hole in the valence band of the quantum well.  By co
trast, the hole states in both B10 and B20 have
“thicker” barrier to tunnel through because of the slo
of the built-in electric field.  Thus, both B10 and B2
have a narrower excitonic emission.  Moreover, the
samples also have sufficiently large in-well electr
fields that significantly broaden the emission throu
the quantum confined Stark effect.  Finally, notice th
the necessary fluence required for the excitonic emiss
to be  larger (in peak value) than the yellow emission
directly proportional to the magnitude of the built-i
electric field in each sample.

Finally, we show in Figure 7, a composite of th
results for excitation of the samples with the pum
tuned to 400 nm.  In this figure, we show the resulti
PL intensity as a function of the distance from the cen
of the excitonic emission (λ–λ0). A few features are
worth noting.  Firstly, this wavelength is only absorbe
within the quantum well material.  As such, few carrie
are generated since these thicknesses are quite low
addition, the energy of this light creates carriers that 
well confined within the quantum well material and d
not easily escape the quantum well to drift to the dop
regions and contribute to yellow emission. In all of th
data for these samples with a pump wavelength of 4
nm, there was little evidence of yellow emission.  Se
ondly, because all of the curves shown in Figure 7 a
for approximately the same fluence level, it should 
expected that the photoluminescence intensity should
proportional to the total quantum well thickness (pr
vided that all other experimental variations remained t
same).  We observe ratios of 1:6.2:9.9 for the PL inte
sity for the 2:10:20 quantum well structures, respe
tively, with total quantum well length ratios of 1:5.3:10
The small discrepancy in the 2 to 10 quantum well sa
ple is easily explained by the difference in the observ
line-width of the emission of the light.  As we have dem
onstrated in the past, we expect the product of the am
tude of absorption and the line-width of the exciton
absorption to remain a constant  [31].  Therefore, it
reasonable to assume that the amplitude of emission 
the line-width of the excitonic emission should remain
constant.
4  MRS Internet J. Nitride Semicond. Res. 4, 12 (1999).
 © 1999 The Materials Research Society
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6 Time Resolved Photoluminescence

The previous sections focused on the time-integrated
photoluminescence.  The experimental determination of
the behavior of time-integrated photoluminescence was
necessary for a better understanding of the time-
resolved photoluminescence spectra from these sam-
ples.  Figure 8, shows the time-resolved photolumines-
cence experiment.  The frequency doubled output from a
Ti:Sapphire laser is that produces pulses at a repetition
rate of 80 MHz is used as the pump source.  The result-
ing photoluminescence is imaged onto the entrance slit
of the Hamamatsu streak camera and the streak camera
is triggered synchronously with the repetition rate of the
laser pulses.  In addition, a delay generator is used to
temporally position the triggering of the streak camera
monitor any time slice of the emitted photolumines-
cence.  In order to maximize the intensity of the photo-
luminescence and to narrow the excitonic emission and
increase our chances of time-resolving shifts in the exci-
tonic emission, all time-resolved data presented here
were acquired at 15K. 

A simple calculation, following the work of Bas-
tard  [15], can be used to estimate the transition energy
and the energy shift with the in-well field of samples
B10 and B20.  Sample B2 follows a similar curve as
B20. Figure 9 shows the resulting curves for the quan-
tum confined Stark effect shift for varying conduction
band offsets from 0.6 to 0.8 for these two samples.
Notice that, for similar in-well fields, the change in tran-
sition energy is expected to be smaller in sample B20
than sample B10.  However, from Table 2, sample B10
has a smaller piezoelectric field than sample B20.  Fur-
thermore, notice that Figure 9 can be used to estimate
the shift given the calculated fields from Table 2. For
sample B10 (with an in-well field of 400 kV/cm) we
expect between a 15 to 25 meV shift and for sample B20
(in-well field of 630 kV/cm) and sample B2 (in-well
field of 700 kV/cm) we expect between a 25 to 35 meV
shift (dependent on the value of the conduction band
offset).

The resulting spectral curves for sample B10 is
shown in Figure 10.  The results are consistent with the
models that were proposed earlier. Specifically, at short
times after the pump excitation, the carriers drift to
screen the built-in electric field (due the p-i-n).  Once
this field is screened the excess carriers generated within
the intrinsic region and quantum wells remain in this
region and can serve to screen and saturate the excitonic
emission.  As shown in Figure 10, the excitonic emis-
sion shifts to higher energy for short times.  As time
increases, the carriers recombine and the screening
decreases.  This decrease in screening is shown by the
shift in the excitonic emission toward lower energies

and the carriers recombine.  Notice that the shift fro
1ns to 11 ns is approximately 10 meV.  This shift fi
well within the calculated values given in Figure 9
Moreover, the identical experiment was performed 
samples B20 and B2.  The results for sample B20 
shown in Figure 11.  As expected, the behavior of t
sample is identical to sample B10 except that the mag
tude of the shift is larger (approximately 30 meV).  I
addition, the observed shift in sample B2 was appro
mately 30 meV.

Finally, Figure 12 shows the lifetimes of emission 
different energies for sample B20. It is obvious that t
lifetime is shorter for the higher energy transitions.  Th
is consistent with a model for the field induced lifetim
elongation due to spatial separation of the electron a
hole wavefunctions  [16] [17].  Specifically, this samp
showed a high energy (flat band) emission lifetime 
approximately 500 picoseconds whereas the low-ene
emission (piezoelectric field not screened) showed
lifetime as long as 5 ns.  Thus, we see that the prese
of the piezoelectric field has increased the lifetime of t
carriers and would decrease the total number of carr
that are necessary to create population inversion.  Ch
et al. have performed this calculation and demonstra
that there should be an optimum well width (and corr
sponding elongated carrier lifetimes) for lower las
threshold currents.  Here, we believe that one m
include the indium concentration and intrinsic regio
width (field distributions) in these laser threshold cu
rent calculations.

7 Summary

We have demonstrated a simple model that includes 
piezoelectric field when calculating the in-well electr
field in InGaN/GaN p-i(MQW)-n structures.  With this
model we have shown that the built-in electric fie
compensates for the piezoelectric field, but because
the extreme magnitude of the piezoelectric field, t
quantum wells are always under very large electric fie
conditions.  This in-well field causes the wave functio
of the electrons and holes to be bunched toward oppo
sides of the wells and reduces the overlap of the elect
and hole wave-functions resulting in a reduction of t
oscillator strength for the excitonic emission (by abou
factor of two).  However, experimentally we have show
that the lifetimes of the carriers within these structur
increases drastically as the piezoelectric field recov
from initial screening at short times (see Figure 1
above).  The development of composite structures (w
varying well widths, indium concentration, etc.) tha
maximize the lifetimes and gain for optimum lasin
conditions should be the emphasis of future work 
developing lasing structures.   We find these measu
ments to be consistent with the recent calculations
 MRS Internet J. Nitride Semicond. Res. 4, 12 (1999). 5
 © 1999 The Materials Research Society
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Chow et al.  [16] [17] that predict a large increase in car-
rier lifetimes along with a small reduction in gain.   Fur-
thermore, we expect an optimum well width that should
reduce the threshold current of lasers, but we also expect
an optimum indium concentration and distribution of the
wells within the intrinsic region.  

Moreover, the development of composite structures
that can accurately control the in-well field will result in
devices geometries for visible spatial light modulators
for the visible wavelength range.  Future work will focus
on more accurate modeling and the development of
composite structures for better laser and modulator
operation.  
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Figure 1. Schematic of the structures of the GaN/InGaN p-i-n
samples used in this study.

Figure 2. Calculated bandstructures for the three samples
studied in this work.  This figure shows the directions of the
built-in electric field, Ebi, and the piezoelectric electric field,

Epiezo.  Notice that the piezoelectric field within the quantum

well opposes the built-in electric field. 

Figure 3. Time-integrated photoluminescence set-up.  The
frequency doubled output of a femtosecond Ti:Sapphire laser is
used as the pump source. Standard lock-in techniques are used
to improve signal to noise ratio.  The samples were edge
emitting due to the waveguiding of the GaN buffer layers. 

Figure 4. Time-integrated photoluminescence for sample B
In this case, the frequency doubled output of the femtosec
Ti:Sapphire laser is tuned to 370 nm.  Clearly, exciton
emission centered at 450 nm is present. In addition, suffici
overlap of the pump wavelength and the absorption edge
GaN was present. The yellow emission is from Ga vacanc
within the n-doped material and served as a marker for 
presence of carriers for screening of the built-in electric field

Figure 5. Time-integrated photoluminescence for sample B
with the pump tuned to 370 nm.  Clearly, excitonic emissi
centered at 411 nm is present.  Again, the yellow emission
clearly visible, however excitonic emission dominates at
lower fluence.

Figure 6. Time-integrated photoluminescence for sample B
with the pump tuned to 370 nm.  Excitonic emission w
centered at 424 nm. The yellow emission is still present but l
than that of the previous two samples. 
 MRS Internet J. Nitride Semicond. Res. 4, 12 (1999). 7
 © 1999 The Materials Research Society



   

 of
10
. 

for
p
V. 

for
p

eV.
Figure 7. Time-integrated photoluminescence for all three
samples for the same fluence.  In this case, the frequency
doubled output of a femtosecond Ti:Sapphire laser was tuned to
400 nm. This pump wavelength was sufficiently long to be
absorbed only by the quantum well material.  As expected, the
PL intensity is proportional to the total length of the quantum
wells within the intrinsic region. There was no evidence of
yellow emission for the carrier densities excited with the given
fluence at 400 nm. 

Figure 8. Time-resolved photoluminescence using a
Hamamatsu C4334 streak camera. As in the time-integrated
photoluminescence, the frequency doubled output of a
femtosecond Ti:Sapphire laser is used as the pump source. The
streak camera is triggered synchronously with the pulses from
the Ti:Sapphire. 

Figure 9. Calculated excitonic transition energies and shift
excitonic transition energy versus in-well field for samples B
and B20 for conduction band offsets varying from 0.6 to 0.8

Figure 10. Time-resolved photoluminescence spectra 
sample B10 at 15K with pump power of 12 mW and pum
wavelength of 375 nm.  There is an observed shift of ~10 me

Figure 11. Time-resolved photoluminescence spectra 
sample B20 at 15K with pump power of 12 mW and pum
wavelength of 386 nm.  There is an observed shift of ~30 m
8  MRS Internet J. Nitride Semicond. Res. 4, 12 (1999).
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Figure 12. Temporal resolution of emission lifetimes for
different emission energies for sample B20.  The high energy
emission is the expected emission with no in-well field.  Notice
that the lifetime is significantly shorter. 

Table 1. Specific structure values for the p-i(MQW)-n
structures.  In this table LB is the thickness of the barrier region

Lw is the thickness on the well region, x is the Indium

concentration, and Nw is the number of quantum wells in the

intrinsic region.

Sample Nw x(%) Lw(Å) LB(Å)

B2 2 30 20 90

B10 10 20 25 70

B20 20 30 20 70

Table 2. Calculated built-in electric field, barrier field and quantum well field under dark conditions and high excitation conions
using a simple model that includes the effect of the piezoelectric field within the quantum well (units are kV/cm). The 
electric field is always sufficiently large to decrease the oscillator strength for the excitonic transition.

Sample Dark Condition High Excitation

Fields in kV/cm Ebi Eb Ew Eb Ew

B2 1100 -1200 -400 -100 700

B10 380 -470 90 -140 420

B20 180 -350 450 -170 630
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