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The presence of piezoelectric fields witpiir-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 In this paper, we provide some basic theoretical cal-

) ) culations and continuous wave and time-resolved photo-
Il-N materials continue to be the focus of research ofyminescence experiments to demonstrate the effects of
the development of UV/blue semiconductor optoelecthe piezoelectric field. We present a systematic
tronics [1] [2]. This is predominantly due to the succesgpproach of studying three samples with specific struc-
of Nakamura et. al at Nichia to develop blue semiconyyres to verify the presence of the piezoelectric field.
ductor laser sources with lifetimes sufficient for inCOf'SpecificaIIy, we use a technique, that has been used suc-
poration into consumer optoelectronics [3] [4] [5] [6] cessfully in work on (111) materials [12] [13] [14], to
[7]. With all of the attention paid to device operation, calculate the electric field within the quantum well for
relatively little attention has focused on the fundamentabiezodectric materials embedded withimp-&n struc-
properties of these materials. However, recently muckyre. Furthermore, we demonstrate that these calcula-
interest has focused on the presence of piezoelectrifons, and subsequent calculated band-structures,
fields within the quantum wells of J6&_,N/GaN het-  provide accurate descriptions for the observed behavior
erostructures [8] [9] [10] [11]. More importantly, much of InGaN/GaNp-i(MQW)-n samples under optical exci-
research has focused on how the presence of this fietdtion. The calculated band-structures are used to dis-
will affect the design of devices based on this material. cuss the expected carrier dynamics of these structures.

It has been recently reported that these piezoelectrlJ}:/Ioreover, by following the variational calculation for

fields are quite large (between 300 to 800 kV/cm for 2 unr(;rsgﬁcl)ﬁ\és\lfnantﬂ;’st\gi_kf%?cgggtsa Irg q[ul%?tl\JNrr; ngllljlt;:g
% Indium [10] [11]). This field is the direct result of the ! 9 '

atice mismatch bewean GaN and . The latiodie, % € NGNS Hler e e expeciod
constant of InGaN increases from that of GaN to th 9 y b

?ield. These calculations of the reduction in oscillator

larger value of InN as the In content increases, resultlngtrength predicts persistence of excitonic oscillator

|r11 1co|m prjj_?_lve §ttrha|n l\)N ithin rt]he Irlﬁat[Nthqua}ntuml Wtel_lstrengths to fields on the order of 1 MV/cm. Further-
[11]. In addition, it has been shown that the piezoelectri ore, this work experimentally demonstrates the

electric field points toward the substrate for mate”alfﬁxpected increase in carrier lifetime due to the presence

grown on a c-plane S_ap_phlre_substrate . [11]. As we wi f the piezoelectric field. Moreover, while there have
demonstrate later, this is quite convenient for samplege, previous experimental work that demonstrated an
that are grown witm™ GaN deposited on this substrate. increase in carrier lifetime due to the pieozoelectric field
Specifically, this orientation allows the built-in electric eg. [11], we demonstrate the effects of the built-in p-i-n
field of thep-i-n structure Ey;, to partially compensate field and the importance of a self-consistent model for

for the induced piezoelectric field. calculating the in-well fields in these p-i-n structures
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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 B =20 e 4o 4252 |

an optimum well width for minimizing lasing threshold. » 31[ Heos 533] .

The experimental work focuses on time-integrated and

time-resolved photoluminescence measurements as a ) ) ) )

function of pump power and excitation wavelength. The ~WN€ré&is the in plane straim; are the elastic con-

interpretation of the time-resolved PL is discussed irftants, and; is the piezoelectric constant.

detail. Using these equations, it is possible to calculate

2> Growth of In ,Ga,_,N/GaN Structures accurat(_e values for the fields within_the barrier and the
well regions. Moreover, these equations allow us to cal-

All samples in this work were grown using organome-cy|ate the values of the field within these two regions

tallic vapor phase epitaxy (OMVPE). The sample strucynder high excitation (fis completely screened and

ture is shown in Figure 1. Growth was performed on q/bi = 0), and under dark conditions. In this work, we

c-face (0001) sapphire substrate. Initially, a 4 micron . . . .
thick layer of GaN:Si n-contact was deposited. Thi2"® interested in studying the fundamental properties of

layer was followed by growth of the GaN barrier fol- the materials without any applied electrical fieldg €&/

lowed by an IgGa; ,N quantum well region. This bar- 0) to complicate the modeling and data interpretation.

: : . Furthermore, we estimate the magnitude of the piezo-
rier and quantum well region was repeated to aChlevglectric field by including the strain mismatch and
the desired number of quantum wells (2, 10, and 20 in. y g

. iezoelectric constants and techniques described in the
the samples discussed here). The last quantum well w ! .

. ; . iterature [19][11]. The numerical results are shown in
capped with a GaN barrier region followed by a

GaN:Mg p-contact layer that varied from 0'2_1.0Table 2 for all samples with the applied voltage set to

microns. This results in an InGaN/GaN MQW regionzero‘ ) .
embedded within the intrinsic region opa-n structure. The resulting schematics of the calculated band-
The details of the layer thickness and In concentrationStructure for the three samples under dark conditions
of the three samples studied in this work are presente§fith N0 applied voltage (¥= 0) is shown in Figure 2.
in Table 1. The quantum well (QW) composition andThe band-structures of these materials are quite compli-
thickness were estimated by x-ray diffraction, using thecated.  Specifically, this figure shows that there is an
satellite reflections. overall envelope field due to tipei-n structure ;). In
In order to calculate the bandstructure for these sarrddition, because of the compressive strain within the
ples, the presence of the piezoelectric electric fieldluantum well region, the piezoelectric field within these
within the heavily strained quantum well region must bestructures points toward the substrate and therefore
included [18]. Specifically, it can be shown that,opposes the built-in electric field. Notice, that it is pos-
assuming the dielectric constant is the same for all corsible for the well and barrier regions to see drastically
stituent materials, the internal field distribution mf different electric fields. The results presented above rely
i(MQW)-n structures must satisfy the following equa-on an accurate value for the piezoelectric field. Here, we
tions: have used previously determined values from the litera-
ture [11] [19]. Finally, if the piezoelectric field is not
—(Va# Vi) = EyLyy + Eslp o) present, the expected shift in excitonic resonance by
screening the built-ip-i-n field would be expected to be
whereV, is the applied voltagevy, is the built-in largest in B2, and smallest in B20. However, in con-
trast, when we include the piezoelectric electric field,
the shift of the excitonic resonance is expected to be
largest in B2 and B20 and smallest in B10.

(©)

electric field,E,, is the field within the welll,, is the
total width of the well materialg, is the barrier field
andLy, is the total width of the barrier material. In struc-
tures that contain piezoelectric fields within the quan3 Expected Carrier Dynamics
tum well material, the electric field within the quantum From this data and from our previous studies of piezo-
well can be written as: electric (111) samples angti-n structures [14] [20]
[21] [22], we can discuss a number of time-scales where
Ew=Ep+Epi (29  certain carrier transport issues dominate. Specifically,
we can discuss time constants associated with the fol-
whereE, is the magnitude of the piezoelectric field lowing phenomena: (&), perpendicular transport, (b)
within the strained well region given by [11]: Tr excitonic (in-well) recombination, (c}y yellow
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band emission, recombination of spatially sepa- and become spatially separated by the presence of this
SS . . . .
rated carriers, and ()} diffusion of carriers in the built-in electric field. The percentage of the photogener-
and p regions. All of these phenomena occur simulta-2ted carriers that arrive at the doped regions is directly
neously, however there are time regimes where particd)_roportional_ to the respective rates of the perpe_ndiqular
lar carrier dynamics dominate. Specifically, we eXpecyansport, diffusion, and_ all sources of recombination.
the perpendicular transport to be very short, a few picog_:how etal. have theoretically demonstrated that the spa-
seconds, because it only involves the transport of eledidl Separation of the carriers within the quantum well
trons and holes from the intrinsic region to the doped&ad to an increase in the carrier lifetimes [16] [17]. In
region under the influence of the builtjri-n electric & similar manner, we have previously demonstrated that,

field. Moreover, it has been found that the radiativd©r Sufficiently low carrier densities (where tipei-n
recombination time of carriers in InGaN quantum wellfiéld is not completely screened), the carriers withpa a
structures are typically between a few hundred picosed:" Structure are strongly confined to the doped regions
onds and a few nanoseconds [23] [24] [25] [26] [27]_by the built-in electric and, therefore, exhibit drastically
Furthermore, using a simple theory it can be shown th&/ongated carrier lifetimes [28].  fwi-n structures,

the recombination of the spatially separated carrierd1€ €lectrons and holes have a reduced overlap integral

(carriers that are confined to the doped regions by th%”d therefore_ exhibit Ionger effecti\_/e recombine}tion
built-in p-i-n field) in thesep-i-n structures can be as times. More importantly, if the carriers are spatially

long as seconds [28]. Finally, it is well established thaf€Parated and confined to the doped regions within the

typical decay times of milliseconds has been observeB-n structures, we would expect yellow emission from
for the yellow emission. With these estimates, it is reath€ doped regions to be a direct indicator of the presence

sonable assumption to assume thaf,< Tp< Tr < Ty| < of these spatially separateq carrlgrs. _
Subsequently, the carriers will decay in the doped

regions by either yellow emission from the carriers con-
In these structures, with no applied electrical biasfineq in the doped regions or through diffusion in the
the carrier dynamics should be expected to follow thgyane of the doped regions. Once the carriers begin to
following general description. Photogenerated carriergiecay, the space charge field generated by these photo-
generated within the intrinsic region of tpei-n will - generated carriers begins to decrease. Consequently, the
drift to the doped regions under the influence of thecreening of the built-in electric field decreases. In this
built-in electric field. If there is sufficient power in the \yay the remaining carriers are more strongly confined
pump source, this process will continue until the built-ingg the doped regions, resulting in an increase in the
field is completely screened. Once the built-in electricaffective recombination time. We propose that most of
field is completely screened, any excess carriers genahe recombination of these carriers, based on our simple
ated within the intrinsic region will remain in this area models and experimental results, contributes to the yel-
and can contribute to direct recombination (excitoniggy emission. Moreover, the diffusion within the plane
emission) within the quantum wells. This direct recom-of the doped regions is directly proportional to the gra-
bination will continue as long as there are still sufficientgient of the carrier distribution. Therefore, more tightly
carriers remaining to screen the built-in electric field focysed spots should diffuse more rapidly, resulting in
Note, that the in-well field is drastically changed by themgre carriers being more tightly confined. Thus, the
screening of the built-in electric field (as shown in Tablegyact pehavior of the carriers is a complicated coupled

2). Any excess carriers screen the electric field withinyystem that needs to be accurately modeled.
the quantum well returning the quantum well to flat

band conditions and increasing the oscillator strength of Variable Pump Photoluminescence
the excitonic transition [16] [17]. Thg theoretical treat-|n order to verify the aforementioned carrier dynamics,
ment and experimental demonstration of this mechagpotoluminescence (PL) studies of these structures were
nism is well established for (111) InGaAs/GaAs congucted for different incident pump powers, pump
piezoelectricp-i-n structures  [14] [20] [29] [30] [21] \yavelengths and spot sizes. The experimental arrange-
[22]. ment of the photoluminescence experiment is as shown
Once a sufficient number of the photogenerated cain Figure 3. The pump source was the frequency dou-
riers have recombined, the carrier dynamics from thidled output from a tunable mode-locked Ti-Sapphire
time forward are similar to conditions of low fluence laser that typically produced 20 mW of ~200 fs pulses
incident on the sample. Specifically, if there is not suffiwith a repetition rate of 80 MHz tunable from 360 to
cient power (and therefore not sufficient photogenerated20 nm. This light was mechanically chopped at a fre-
carriers) to completely screen the built-in electric field,quency of 2 kHz. The frequency doubled light from the
the majority of the carriers will drift to the doped region Ti:Sapphire was focussed onto the sample. In order to

Tss
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observe any effects for in-plane diffusion in the n- andower. We believe that the emission of B2 is much
p-doped regions, we adjusted the distance from thbroader due to the relatively low confinement of the hole
focusing lens to the sample and monitored the lasestate in the valence band of the quantum well (see Fig-
spot-size with a Thorlabs Omega meter. The resultingrre 2). Moreover, this sample has very large fields in the
photoluminescence from the sample was collected by quantum well under dark and high excitation conditions
focusing lens that focused it onto the entrance slit of &arying from —400 kV/cm in dark conditions to 700
computer controlled scanning monochromator. The outkV/cm under high excitation). Therefore, both electron
put from the monochromator was detected using a phand hole wave-functions are broadened to include the
todiode and standard lock-in techniques. Moreover, théncreased probably that the carrier can tunnel through
power incident on the sample was varied by introducinghe sharply tilted barrier. As should be expected by
neutral density (ND) filters in the path of the incidentobserving Figure 2, this probably is much higher for the
pump beam allowing the pump power to be varied fronhole in the valence band of the quantum well. By con-
20mW to a few micro-Watts. In addition, the tunability trast, the hole states in both B10 and B20 have a
of the Ti-sapphire laser allowed the wavelength of théthicker” barrier to tunnel through because of the slope
incident frequency doubled light to be varied. In thisof the built-in electric field. Thus, both B10 and B20
work we focused on using ~200 fs pulses with centrahave a narrower excitonic emission. Moreover, these
pump wavelengths of 370 nm (allowing overlap of thesamples also have sufficiently large in-well electric
excitation spectra with the bandgap of the GaN materialfields that significantly broaden the emission through
and 400 nm (transparent to the GaN layers but absorbekde quantum confined Stark effect. Finally, notice that
within the InGaN wells) with approximately 10 nm of the necessary fluence required for the excitonic emission
bandwidth. With this setup these measurements could lie be larger (in peak value) than the yellow emission is
performed for various pump power, pump wavelengthdirectly proportional to the magnitude of the built-in
and pump spot-size. For the following discussion ofelectric field in each sample.
time-integrated photoluminescence, all data was Finally, we show in Figure 7, a composite of the
acquired at room temperature. results for excitation of the samples with the pump
tuned to 400 nm. In this figure, we show the resulting
PL intensity as a function of the distance from the center
The above description of expected behavior makes thef the excitonic emissionA{Ag). A few features are
interpretation of the data relatively easy. Figure 4 showgorth noting. Firstly, this wavelength is only absorbed
the integrated photoluminescence for the two quanturiithin the quantum well material. As such, few carriers
well sample, B2, with a pump wavelength of 370 nm.gre generated since these thicknesses are quite low. In
Both excitonic emission at 450 nm and yellow emissioraddition, the energy of this light creates carriers that are
centered at 550 nm is evident. Notice that as the inciyell confined within the quantum well material and do
dent fluence decreases, the yellow emission increas@st easily escape the quantum well to drift to the doped
(relative to the excitonic emission). This is a result ofregions and contribute to yellow emission. In all of the
the technique used for decreasing the fluence. In theggita for these samples with a pump wavelength of 400
experiments we increased the spot size while keepingm, there was little evidence of yellow emission. Sec-
the incident power constant. In this way, the total inteondly, because all of the curves shown in Figure 7 are
grated number of carriers within the sample remainegor approximately the same fluence level, it should be
constant for all fluence levels (they are simply spreagxpected that the photoluminescence intensity should be
over a larger area). Recall that the photogenerated carfiroportional to the total quantum well thickness (pro-
ers are more strongly confined for smaller space charggded that all other experimental variations remained the
fields. Consequently, lower fluences that result in lowesame). We observe ratios of 1:6.2:9.9 for the PL inten-
space charge fields give rise to better carrier confinesity for the 2:10:20 quantum well structures, respec-
ment in the doped regions. As stated earlier, the yellowyely, with total quantum well length ratios of 1:5.3:10.
emission occurs within thedoped regions. Therefore, The small discrepancy in the 2 to 10 quantum well sam-
better carrier confinement means that it is more likelyle is easily explained by the difference in the observed
for the carriers to be in the doped regions and morgne-width of the emission of the light. As we have dem-
likely to decay through the yellow emission. onstrated in the past, we expect the product of the ampli-
Figure 5 shows a similar set of data for the 10 quantude of absorption and the line-width of the excitonic
tum well sample, B10, and Figure 6 shows a similar seabsorption to remain a constant [31]. Therefore, it is
of data for the 20 quantum well sample, B20. In botlreasonable to assume that the amplitude of emission and
cases the behavior is quite similar to that of B2. Howthe line-width of the excitonic emission should remain a
ever, the excitonic emission line-width is much nar-constant.

5 Results and Discussions
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6 Time Resolved Photoluminescence and the carriers recombine. Notice that the shift from

. . . . ns to 11 ns is approximately 10 meV. This shift fits
The previous sections focused on the time-integrate

hotolumi Th . tal determinati ell within the calculated values given in Figure 9.
photoluminescence. - The expenmental determination oreover, the identical experiment was performed on
the behavior of time-integrated photoluminescence wa

§amples B20 and B2. The results for sample B20 are

hecessary for a better understanding of the tlmeéhown in Figure 11. As expected, the behavior of the

r?SOIV?:q pho';golurr?lnesct:snctg spectr? f(rjomh ttheise .Sangémple is identical to sample B10 except that the magni-
ples. Figure o, Shows the time-resolved pnotoluMINeSy, o of the shift is larger (approximately 30 meV). In
cence experiment. The frequency doubled output from 84dition. the observed shift in sample B2 was approxi-
Ti:Sapphire laser is that produces pulses at a repetiti%ately 3:0 meV.

rate of 80 MHz is used as the pump source. The result- _. . . -
pump Finally, Figure 12 shows the lifetimes of emission at

ing photoluminescence is imaged onto the entrance slit. . . .
of the Hamamatsu streak camera and the streak cam rgferent energies for sample B20. It is obvious that the
etime is shorter for the higher energy transitions. This

i
is triggered synchronously with the repetition rate of the' . . . . .
99 y y P 5 consistent with a model for the field induced lifetime

laser pulses. In addition, a delay generator is used { ) . :
elongation due to spatial separation of the electron and

temporally position the triggering of the streak camer . e .

monitor any time slice of the emitted photolumines—%ﬁIe wgveflrjfncrt:ons [16] f[IlZ]B Sgemﬂc_ally, thlli stz_amplef

cence. In order to maximize the intensity of the photo—S owed a high energy (flat band) emission lifetime o
proximately 500 picoseconds whereas the low-energy

luminescence and to narrow the excitonic emission an@P

increase our chances of time-resolving shifts in the excgmission (piezoelectric field not screened) showed a

tonic emission, all time-resolved data presented herléffettr']me.as Iorg fl.S?r:Z'hThl.Js’ we Szetrt]h&}FftT? pre??r:wce
were acquired at 15K. of the piezoelectric field has increased the lifetime of the

) ) ) carriers and would decrease the total number of carriers
A simple calculation, following the work of Bas- that are necessary to create population inversion. Chow
tard [15], can be used to estimate the transition energy 5|, have performed this calculation and demonstrated
and the energy shift with the in-well field of samplesinat there should be an optimum well width (and corre-
B10 and B20. Sample B2 follows a similar curve assponding elongated carrier lifetimes) for lower laser
B20. Figure 9 shows the resulting curves for the quangreshold currents. Here, we believe that one must
tum confined Stark effect shift for varying conductionjnciyde the indium concentration and intrinsic region

band offsets from 0.6 to 0.8 for these two samplesyigth (field distributions) in these laser threshold cur-
Notice that, for similar in-well fields, the change in tran-ant calculations.

sition energy is expected to be smaller in sample B20
than sample B10. However, from Table 2, sample B1G Summary

has a smaller piezoelectric field than sample B20. Fulye have demonstrated a simple model that includes the
thermore, notice that Figure 9 can be used to estimage;oelectric field when calculating the in-well electric
the shift given the calculated fields from Table 2. Forig|q in InGaN/GaNp-i(MQW)-n structures. With this
sample B10 (with an in-well field of 400 kV/cm) we mqge| we have shown that the built-in electric field
expect between a 15 to 25 meV shift and for sample B2y mpensates for the piezoelectric field, but because of
(in-well field of 630 kv/cm) and sample B2 (in-well e extreme magnitude of the piezoelectric field, the
field of 700 kV/cm) we expect between a 25 t0 35 MeVy antym wells are always under very large electric field
shift (dependent on the value of the conduction bandngitions. This in-well field causes the wave functions

offset). of the electrons and holes to be bunched toward opposite
The resulting spectral curves for sample B10 issides of the wells and reduces the overlap of the electron
shown in Figure 10. The results are consistent with thand hole wave-functions resulting in a reduction of the
models that were proposed earlier. Specifically, at shoudscillator strength for the excitonic emission (by about a
times after the pump excitation, the carriers drift tofactor of two). However, experimentally we have shown
screen the built-in electric field (due tpe-n). Once that the lifetimes of the carriers within these structures
this field is screened the excess carriers generated withincreases drastically as the piezoelectric field recovers
the intrinsic region and quantum wells remain in thisfrom initial screening at short times (see Figure 12
region and can serve to screen and saturate the excitorsibove). The development of composite structures (with
emission. As shown in Figure 10, the excitonic emisvarying well widths, indium concentration, etc.) that
sion shifts to higher energy for short times. As timemaximize the lifetimes and gain for optimum lasing
increases, the carriers recombine and the screenimggnditions should be the emphasis of future work on
decreases. This decrease in screening is shown by tHeveloping lasing structures. We find these measure-
shift in the excitonic emission toward lower energiesments to be consistent with the recent calculations of
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Chow et al. [16] [17] that predict a large increase in carfl2] J. L. Sanchezrojas, A. Sacedon, A. Sanzhervas, E.
rier lifetimes along with a small reduction in gain. Fur-Calleja, E. Munoz, E. J. Abril, M. Aguilar, M. Lopez,
thermore, we expect an optimum well width that shouldgSemicond. Sci. Techndl0, 1173 (1995).

reduce the threshold current of lasers, but we also expejd3] J. L. Sanchezrojas, A. Sacedon, F. Calle, E. Calleja, E.
an optimum indium concentration and distribution of theMunoz,Appl. Phys. Lett65, 2214 (1994).

wells within the intrinsic region. [14] X.R. Huang, D. R. Harken, A.N. Cartwright, A. L.

Moreover, the development of composite structure$mirl, J. L. Sanchezrojas, A. Sacedon, E. Calleja, E. Munoz,
that can accurately control the in-well field will result in APPI- Phys. Leti67, 950 (1995).
devices geometries for visible spatial light modulatord15] G. Bastard, E. E. Mendez, L. L. Chang, L. EsBkis.
for the visible wavelength range. Future work will focusRev. B26, 1974 (1982).
on more accurate modeling and the development dfi6] W. Chow, M. Kira, S.W. KoctPhys. Rev. B8, 1947
composite structures for better laser and modulatof1999).

operation. [17] W. W. Chow, H. Amano, T. Takeuchi, J. Ha#ppl.
Phys. Lett75, 244 (1999).
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Figure 4. Time-integrated photoluminescence for sample B2.
In this case, the frequency doubled output of the femtosecond
Ti:Sapphire laser is tuned to 370 nm. Clearly, excitonic

emission centered at 450 nm is present. In addition, sufficient
overlap of the pump wavelength and the absorption edge of
GaN was present. The yellow emission is from Ga vacancies
within the n-doped material and served as a marker for the
presence of carriers for screening of the built-in electric field.

Figure 1. Schematic of the structures of the GaN/In@aM
samples used in this study.
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Figure 2. Calculated bandstructures for the three samples 5 | Yellow Emission
studied in this work. This figure shows the directions of the 10|
built-in electric field,Ey,;, and the piezoelectric electric field, - o
Epiezo Notice that the piezoelectric field within the quantum 390 40 a0 640 80 B0 6°0
Wavelength (nm)

well opposes the built-in electric field. ) ) . .
Figure 5. Time-integrated photoluminescence for sample B10

with the pump tuned to 370 nm. Clearly, excitonic emission

“ompiter wna‘ centered at 411 nm is present. Again, the yellow emission is
700 - 1050 nm, 100 5 oonioled clearly visible, however excitonic emission dominates at a
Frequency L, lower fluence.
Doubler
Sample B20 ;Lpump =370 nm
35
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b H ﬂ -'E H
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Figure 3. Time-integrated photoluminescence set-up. The é - g;;
frequency doubled output of a femtosecond Ti:Sapphire laser is = or Yellow Emission e 0.04
used as the pump source. Standard lock-in techniques are used 5|
to improve signal to noise ratio. The samples were edge e

emitting due to the waveguiding of the GaN buffer layers. 390 440 4%0 540 590 640 690
Wavelength (nm)

Figure 6. Time-integrated photoluminescence for sample B20
with the pump tuned to 370 nm. Excitonic emission was
centered at 424 nm. The yellow emission is still present but less
than that of the previous two samples.
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Figure 9. Calculated excitonic transition energies and shift of
%50 100 50 00 50 100 150 200 excitonic transition energy versus in-well field for samples B10

Wavelength Offset (R~ Ag) (nm)

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.
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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.
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and B20 for conduction band offsets varying from 0.6 to 0.8.
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Figure 10. Time-resolved photoluminescence spectra for
sample B10 at 15K with pump power of 12 mW and pump
wavelength of 375 nm. There is an observed shift of ~10 meV.
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Figure 11. Time-resolved photoluminescence spectra for
sample B20 at 15K with pump power of 12 mW and pump
wavelength of 386 nm. There is an observed shift of ~30 meV.
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Table 1. Specific structure values for thei(MQW)-n
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- i concentration, andll, is the number of quantum wells in the
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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 2. Calculated built-in electric field, barrier field and quantum well field under dark conditions and high excitatimmsondit
using a simple model that includes the effect of the piezoelectric field within the quantum well (units are kV/cm). The in-well
electric field is always sufficiently large to decrease the oscillator strength for the excitonic transition.

Sample Dark Condition High Excitation

Fields in kV/cm Epi Ep E, Ep E,

B2 1100 -1200 -400 -100 700

B10 380 -470 90 -140 420

B20 180 -350 450 -170 630
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