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Effects of internal electrical field on transient absorption in InxGa1ÀxN thin layers
and quantum wells with different thickness by pump and probe spectroscopy
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The well width dependence of internal electric field effects was investigated using nondegenerate pump and
probe spectroscopy at low and room temperature in four types of InGaN-based semiconductors of active layer
thicknesses~a! 30 nm~single layer!, ~b! 10 nm~3 periods!, ~c! 5 nm~6 periods!, and~d! 3 nm~10 periods!. For
sample~a! and~b! photoinduced absorption was observed due to screening of the internal electric field at low
and room temperature. We observed two competing effects, exciton localization and the internal electric field,
in sample~c! at low temperature. For sample~d! only photobleaching was observed due to occupation at the
localized states. The results show that the field screening effects are more important for increasing well width
after carrier generation. Furthermore, the carrier density to observe the photoinduced absorption due to screen-
ing the internal electric field is much less than the carrier density for stimulated emission at room temperature.
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I. INTRODUCTION

InGaN-based semiconductors have attracted consider
attention because of their important role in the fabrication
ultraviolet-blue-green light-emitting diodes~LED’s! ~Refs.
1–3! and laser diodes~LD’s!.4,5 Large lattice constant differ
ences between GaN and InN cause two significant effe
fluctuations of In mole fraction due to a miscibility gap,6–8

and a piezo-electric field due to high strains.9–11 Fluctuations
of In mole fraction induce the localization of excitons th
lead to two opposing effects on device performance. O
positive effect is the enhancement of internal quantum e
ciency of LED’s because of the suppression of the pathw
to nonradiative recombination centers. Another negative
fect is that such localization sometimes results in the inc
ment of lasing threshold due to the limitation of density
states contributing to optical gain. These effects beco
more significant with increasing the macroscopic In conte
Although green LED’s with high quantum efficiency hav
been achieved,2 stable continuous wave~cw! operation of
LD’s in the green region has not been reported. In orde
understand the optical properties in LD structures, so a
find ways to improve device performance, it is necessary
study a series of samples differing in internal electric fie
and exciton localization.

It is difficult to separate the internal electric field an
exciton localization using conventional photoluminescen
~PL! and absorption spectroscopy, because they have al
the same influence on the optical properties, such as l
Stokes shifts between absorption and luminescence, a
long PL lifetime, and a strong dependence of PL lifetime
emission energies. Recently, in order to separate these
fects, the optical property in cubic InGaN quantum we
excluding the modulation due to internal electric field w
reported.12 Nevertheless, it is important to investigate t
optical property in hexagonal InGaN quantum wells, whi
is usually used for LED and LD. Pump and probe~PP! spec-
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troscopy is a powerful tool for investigating optica
properties13–16and can separate the two mechanisms. An
ternal electric field causes photoinduced absorption as
as photobleaching, but exciton localization induces only p
tobleaching. We have already observed photoinduced abs
tion in a highly strained GaN film17 and in an InGaN single
epilayer18 at low temperature. In this paper, the dynamics
photogenerated carriers are investigated in four types
InGaN-based quantum structures using PP spectroscop
10 K and room temperature.

II. EXPERIMENTAL

The four types of samples of InGaN-based quantum str
tures used in this study are composed of, respectively,~a! an
In0.1Ga0.9N single layer~30 nm!, ~b! In0.1Ga0.9N/GaN ~10
nm/10 nm! multiple quantum wells~MQW’s! with three pe-
riods, ~c! In0.1Ga0.9N/GaN ~5 nm/10 nm! MQW’s with six
periods, and~d! In0.1Ga0.9N/GaN ~3 nm/10 nm! MQWs with
ten periods. Although the active layers in each sample
fers, the total thickness of the active layers in each samp
30 nm. All the active layers are sandwiched between G
layers (0.1mm) and Al0.1Ga0.9N/GaN ~2.5 nm/2.5 nm! su-
perlattices with 100 periods. All layers are grown on Ga
buffer layers and sapphire substrates under an undoped
dition.

The temporal behavior of differential absorption was me
sured by PP spectroscopy using a dual photodiode arra
conjunction with a 25 cm monochromator. The experimen
setup for PP spectroscopy was depicted in Ref. 19. The w
light used for the probe beam was generated by focusing
of the output beam from the regenerative amplifier on a D2O
cell. The white light was always monitored using a du
photo-diode array. And the all spectra were divided by
spectra of the monitered white light to exclude the affect
white light fluctuations. The pump beam was created us
an optical parametric amplifier laser with its wavelength a
©2003 The American Physical Society03-1
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justed to 370 nm in order to achieve selective excitation
the InGaN active layers. The pulse widths of both the pu
and probe beams were 150 fs. The optical delay time of
probe beam with respect to the pump beam was tuned
changing the position of the retroreflector, which could
controlled by the pulse stage. In order to allow detection o
probe beam with a spatially uniform carrier distribution
the sample, the focus size of the pump beam (500mm in
diameter! was set so as to be much larger than the pr
beam (100mm in diameter!. Furthermore, the probe bea
was polarized perpendicular to the pump beam, and
transmitted probe beam polarized in this direction was
tected to avoid detecting the scattered component of
pump beam.

III. RESULTS AND DISCUSSION

The dynamic behavior of dense carriers was character
by the measurement ofDOD by PP spectroscopy for eac
sample at two temperatures, 10 K and room temperat
DOD is expressed by the following equation:

DOD5 log10S T

T1DTD5Dad30.434,

where T and T1DT are the probe beam intensities in th
absence and presence of the pump beam, respectively.Da is
the photoinduced change of the absorption coefficient and
is the thickness of the absorbing layers. Therefore,
DOD,0 absorption decreases due to bleaching, and
DOD.0 absorption increases due to the effect of the pho
induced enhancement.

Figure 1 shows the variation of theDOD spectra at 10 K
as a function of time after pumping at 370 nm~3.350 eV!
under the relatively strong photoexcitation ofI ex
5800 mJ/cm2, for each of the four samples. The carrier de
sity just after the photoexcitation is estimated about
31020 cm23.20 OD spectra taken under weak photoexci
tion are shown as references. PL spectra are also sh
under both the same and weak excitation conditions, ex
for sample~c!. For sample~c! the PL spectrum under th
weak excitation condition was located at about 2.7 eV a
was very different from theDOD and PL spectra under th
strong excitation condition, and hence is not shown. Stim
lated emission can be seen at about 3.1 eV in all sam
under this strong excitation condition. Therefore, the mac
scopic In content seems to be almost the same in e
sample. The stimulated emission was confirmed in
samples by time resolved photoluminescence~TRPL!. Since
the PL lifetime of stimulated emission was much shorter th
that of spontaneous emission, we can easily confirm
stimulated emission using TRPL.21–23 The threshold carrier
density for stimulated emission was estimated on the orde
1018 cm23 at low temperature. The redshift of the PL pe
was observed for strong excitation in the case of samples~a!
and ~b!. It is thought that the internal electric field wa
screened by photogenerated carrier even under the wea
citation condition. The carrier recombination will not occ
in sample ~a! and ~b! when the electrons and holes a
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perfectly separated by the internal electric field witho
screening. The redshift of stimulated emission has been c
monly observed from nitride-based materials by ma
researchers.24–27 The possible origin of redshift of the PL
peak for strong excitation is the many body effects
carriers.

In all the samples, the photogenerated carriers rap
reached the bottom level in the active layer after only a f
ps. In samples~a! and ~b! positive peaks are observed aft
about 15 ps, at 3.21 eV for sample~a! and 3.17 eV for
sample~b!. The stimulated emission peak is located about
meV lower in energy than the photoinduced absorption p
in each sample, suggesting that the stimulated emission
curs at localization states. In samples~c! and~d!, only nega-
tive signals were obtained over the whole time and ene
range. After 50 ps the shape of the spectra in sample~c! are
different from those of sample~d!. The spectra in sample~d!
are merely broadened from 3.1 to 3.35 eV, while the spe
in sample~c! tend toward the same structure as samples~a!
and ~b! at about 3.2 eV, though the signal does not beco
positive. The mechanism of photoinduced enhancem
observed in samples~a! and ~b! is probably the same a

FIG. 1. Variation ofDOD spectra for each of the four sample
as a function of time after pumping at 370 nm~3.350 eV! under
I ex5800 mJ/cm2 at 10 K. TheOD spectra taken under weak pho
toexcitation and the PL spectra under the same and weak excit
conditions are shown at the bottom of each plot.
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observed in a GaN epilayer, where screening of the inte
electric field takes place.18 In sample~d!, however, only pho-
tobleaching is observed, due the localization states of
excitons being occupied. In sample~c!, the overlapping of
both effects is clearly observed. A band filling effect resu
in simple photobleaching spectra similar to those of sam
~d!. On the other hand, screening of the internal electric fi
induces positive signals sandwiched between the two n
tive signals as in samples~a! and~b!. When both effects are
observed at the same time, the signal, which is tur
slightly in a positive direction, is observed between tw
strong negative signals, as seen in the sample~c! spectra at
t550 and 200 ps. In samples~a! and~b! the screening of the
internal electric field has a dominant effect on optical tran
tions after carrier generation. The internal electric field
duces the oscillator strength of optical transition due to St
effects and Frantz-Keldysh effects. When the photogener
carriers screen the internal electric field, excitonic absorp
is restored. As a result, photoinduced enhancement of
absorption coefficient is observed. The internal electric fi
strength due to piezoelectric polarization was calculated
be 0.45–1.6 MV/cm using the scattered value of the pie
electric constants.28,29 In sample~d! exciton localization has
a dominant effect on optical transitions. The density of loc
ized levels is so small that the DOS is easily occupied by
photo-generated carriers. As a result, the broad negative
nals of DOD are observed. Piezoelectric field dominat
over inhomogeneity in samples with layer thickness m
than the exciton Bohr radius~3.4 nm!. Our result was con-
sistent with the previous works.30,31Physical mechanism wa
also stated in Refs. 30 and 31.

We next consider theDOD spectra under the weak exc
tation condition, to determine whether the difference
DOD after 50 ps is dependent on the carrier density due
the difference in the threshold carrier density for stimula
emission. The lifetime of simulated emission is much sho
than that of spontaneous emission, so the carrier density
50 ps is almost the same as the threshold carrier density
stimulated emission in each sample. Figure 2 shows
DOD spectra for each sample under the weak excitation c
dition. The excitation density is aboutI ex58 mJ/cm2 in
samples~a! and ~b!, and aboutI ex580 mJ/cm2 in samples
~c! and~d!. The carrier density just after photoexcitation w
estimated about 1.231019 and 1.231018 cm23 under I ex
580 mJ/cm2 and I ex58 mJ/cm2, respectively.20 For
samples~c! and~d! theDOD signal level was reduced com
pared to that underI ex5800 mJ/cm2, and no clear data could
be obtained forI ex58 mJ/cm2 because of both the detectio
limit and interference effect. Moreover, the broadness of
spectra, due probably to the potential fluctuation, leads
difficulties in detection under smaller photogenerated ca
ers. Nevertheless, positive signals are observed only
samples~a! and ~b!, over the whole time range. As men
tioned above, the internal electric field has a dominant ef
on optical transitions in samples~a! and ~b!. The difference
in the threshold carrier density is not significant for the
DOD spectra at low temperature.

The temporal behavior of theDOD spectra under strong
excitation at room temperature is shown in Fig. 3. All t
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DOD spectra at room temperature for samples~a! and~b! as
well as samples~c! and~d! have only broad negative signa
in contrast to the low temperature case illustrated in Fig
This is probably due to an increase in the threshold car
density for stimulated emission. The threshold carrier den
for stimulated emission at room temperature is so high t
the photogenerated carrier density does not decrease s
ciently within the time range of our experiment. It is difficu
to estimate the carrier density just after photoexcitation
room temperature, because with piezoelectric field in the b
rier GaN layer, the GaN barrier layer absorption tail exten
to 370 nm. But it is thought the order of carrier density c
be estimated. The carrier density under 800mJ/cm22 was on
the order of 1020 cm23. The threshold carrier density fo
stimulated emission was more than the order of 1019 cm23.
This means that the saturation of the absorption is m
larger than the photoinduced absorption at high carrier d
sity. Similar behavior was also observed at low temperat
for samples~a! and ~b! within 15 ps. The threshold carrie
density at low temperature, however, is low enough that
photogenerated carrier density rapidly decreases to the
rier density where the saturation of the absorption is ignor

In order to confirm the effect of the threshold carrier de
sity, PP spectroscopy under the weak excitation condit
was performed at room temperature and illustrated in Fig
In samples~a! and ~b! photoinduced absorption was ob

FIG. 2. Variation ofDOD spectra as a function of time unde
weak excitation at 10 K. The excitation density is aboutI ex

58 mJ/cm2 for samples~a! and ~b! and aboutI ex580 mJ/cm2 for
samples~c! and ~d!.
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served just after photopumping. Only negative signals w
obtained in samples~c! and ~d! over the whole time range
This behavior is almost the same as that at low tempera
under the weak excitation condition. However, theDOD
spectra for sample~c! at room temperature does not have t
structure seen at low temperature. This is because the i
nal electric field in sample~c!, which is relatively low even
at low temperature, is screened by intrinsic carriers origin
ing from unintentional doping by impurities or defects ac
vated by thermal energy. These results suggest that the
rier density to observe the photoinduced absorption due
screening the piezoelectric field is much less than that
simulated emission at room temperatures.

IV. CONCLUSION

From our investigation of the well width dependence
the internal electric field on optical transition in differe
types of InGaN-based semiconductors at low and room t
perature, it was found that the screening of internal elec
fields are more important than exciton localization after c
rier generation as the thickness of a single active laye

FIG. 3. Variation ofDOD spectra as a function of time afte
pumping underI ex5800 mJ/cm2 at room temperature.
n.
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increased. In sample~c! the two competing effects of excito
localization and the internal electric field could be observ
at low temperature. However, at room temperature only
exciton localization effect was observed in sample~c!. The
electric field in sample~c! is easily screened by unintention
doping by impurities and defects activated by thermal
ergy. Photoinduced absorption was observed under the w
excitation condition in samples~a! and ~b! at both low and
room temperature. At room temperature, the carrier den
to observe the photoinduced absorption due to screening
internal electric field is much less than that for stimulat
emission, because the photoinduced absorption was no
served under strong excitation condition.

ACKNOWLEDGMENT

Part of this study was carried out using the facili
at the Venture Business Laboratory in Kyoto Univers
~KU-VBL !.
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