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Effects of internal electrical field on transient absorption in In,Ga; _,N thin layers
and quantum wells with different thickness by pump and probe spectroscopy

Kunimichi Omae, Yoichi Kawakami, and Shigeo Fujita
Department of Electronic Science and Engineering, Kyoto University, Kyoto 606-8501, Japan

Yukio Narukawa and Takashi Mukai
Nitride Semiconductor Research Laboratory, Nichia Corporation, 491 Oka, Kaminaka, Anan, Tokushima 774-8601, Japan
(Received 21 October 2002; revised manuscript received 17 March 2003; published 7 August 2003

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
thicknesse$a) 30 nm(single layey, (b) 10 nm(3 periods, (c) 5 nm(6 periods, and(d) 3 nm (10 periods. For
sample(a) and(b) photoinduced absorption was observed due to screening of the internal electric field at low
and room temperature. We observed two competing effects, exciton localization and the internal electric field,
in sample(c) at low temperature. For sampld) only photobleaching was observed due to occupation at the
localized states. The results show that the field screening effects are more important for increasing well width
after carrier generation. Furthermore, the carrier density to observe the photoinduced absorption due to screen-
ing the internal electric field is much less than the carrier density for stimulated emission at room temperature.
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[. INTRODUCTION troscopy is a powerful tool for investigating optical
propertie$®>'and can separate the two mechanisms. An in-

InGaN-based semiconductors have attracted considerablernal electric field causes photoinduced absorption as well
attention because of their important role in the fabrication ofas photobleaching, but exciton localization induces only pho-
ultraviolet-blue-green light-emitting dioded.ED’s) (Refs.  tobleaching. We have already observed photoinduced absorp-
1-3 and laser dioded_D’s).*° Large lattice constant differ- tion in a highly strained GaN filtf and in an InGaN single
ences between GaN and InN cause two significant effectepilayef® at low temperature. In this paper, the dynamics of
fluctuations of In mole fraction due to a miscibility g&p®  photogenerated carriers are investigated in four types of
and a piezo-electric field due to high strafs! Fluctuations  InGaN-based quantum structures using PP spectroscopy at
of In mole fraction induce the localization of excitons that 10 K and room temperature.
lead to two opposing effects on device performance. One
positive effect is the enhancement of internal quantum effi- Il. EXPERIMENTAL
ciency of LED’s because of the suppression of the pathway
to nonradiative recombination centers. Another negative ef- The four types of samples of InGaN-based quantum struc-
fect is that such localization sometimes results in the incretures used in this study are composed of, respectivalyn
ment of lasing threshold due to the limitation of density of INg1Ga N single layer(30 nm), (b) Ing ;Ga, JN/GaN (10
states contributing to optical gain. These effects becom&m/10 nm multiple quantum well§MQW'’s) with three pe-
more significant with increasing the macroscopic In contentriods, (c) Ing;Ga gN/GaN (5 nm/10 nm MQW'’s with six
Although green LED’s with high quantum efficiency have periods, andd) Ing ;Ga JN/GaN (3 nm/10 nm MQWs with
been achieved,stable continuous wavéw) operation of ten periods. Although the active layers in each sample dif-
LD’s in the green region has not been reported. In order tders, the total thickness of the active layers in each sample is
understand the optical properties in LD structures, so as t80 nm. All the active layers are sandwiched between GaN
find ways to improve device performance, it is necessary tdayers (0.1um) and Ap;Ga oN/GaN (2.5 nm/2.5 nm su-
study a series of samples differing in internal electric fieldperlattices with 100 periods. All layers are grown on GaN
and exciton localization. buffer layers and sapphire substrates under an undoped con-

It is difficult to separate the internal electric field and dition.
exciton localization using conventional photoluminescence The temporal behavior of differential absorption was mea-
(PL) and absorption spectroscopy, because they have almostired by PP spectroscopy using a dual photodiode array in
the same influence on the optical properties, such as larggonjunction with a 25 cm monochromator. The experimental
Stokes shifts between absorption and luminescence, a vesgtup for PP spectroscopy was depicted in Ref. 19. The white
long PL lifetime, and a strong dependence of PL lifetime onlight used for the probe beam was generated by focusing part
emission energies. Recently, in order to separate these &ff the output beam from the regenerative amplifier on,® D
fects, the optical property in cubic InGaN quantum wellscell. The white light was always monitored using a dual
excluding the modulation due to internal electric field wasphoto-diode array. And the all spectra were divided by the
reportedt® Nevertheless, it is important to investigate the spectra of the monitered white light to exclude the affect of
optical property in hexagonal InGaN quantum wells, whichwhite light fluctuations. The pump beam was created using
is usually used for LED and LD. Pump and prol®P spec-  an optical parametric amplifier laser with its wavelength ad-
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justed to 370 nm in order to achieve selective excitation in sample (2) L,=30nm sample (b) L,=10nm
the InGaN active layers. The pulse widths of both the pump [~ " wops| | N 200p8
and probe beams were 150 fs. The optical delay time of the :’\Jf\ \’Msops: | /&%50,,3_
probe beam with respect to the pump beam was tuned by _W:E/\ Paant .l N:;\ 12ps
changing the position of the retroreflector, which could be T oops | :va;\/\” ops |
controlled by the pulse stage. In order to allow detection of ag T 3% g M\’\'\,\/Mﬁ"/‘ﬂw!ips
probe beam with a spatially uniform carrier distribution in = | ———Det” s | T T
the sample, the focus size of the pump beam (@0 in ‘_@_Mﬁww 0.6ps | ;t—%x /0_5;
diametey was set so as to be much larger than the probe © —-wéé/*«ﬁ’\'\,\/ﬂ;ps_ z | = " 020s| T
beam (100um in diamete). Furthermore, the probe beam — x\WWW— - I A e N
was polarized perpendicular to the pump beam, and the =— : — 8 : —
transmitted probe beam polarized in this direction was de-o  eSaonven | | 24 =it
tected to avoid detecting the scattered component of the® £° JAN 2
pump beam. Y S T Y 34 &
Photon Energy (eV) Photon Energy (eV)
@
Ill. RESULTS AND DISCUSSION IS‘dfﬂple(C)L =5nm . Isample(dl) Lw=3nml
The dynamic behavior of dense carriers was characterizet _/V:\;\x \M,azfips— —wops—
by the measurement &SOD by PP spectroscopy for each _M’\/\‘y 30T —Wps—
sample at two temperatures, 10 K and room temperature [~ *2 12ps— —WPS—
AOD is expressed by the following equation: g —E&Q“?ﬁ”ﬁ*ﬁﬁi— 5 —Wps—
; b —«:;?\,\av\ Mﬁ:';ps— a —Wps_
AOD=10g10| = | = Aadx 0.434, = IS ol i< Il
ol TeaT B vk t_mi 5
) N . Wps— g_ WZps €
whereT and T+AT are the probe beam intensities in the =, 9 Ef = , A
absence and presence of the pump beam, respectivelis 5 loc=800pJiom’ %D T lecSoudiem; %
the photoinduced change of the absorption coefficientchnd © \_vj\ g0 ; g
is the thickness of the absorbing layers. Therefore, for 3 55 Tant T o 35 T
AOD<O0 absorption decreases due to bleaching, and for Photon Energy (eV) Photon Energy (eV)
AOD>0 absorption increases due to the effect of the photo- © @
induced enhancement. FIG. 1. Variation ofAOD spectra for each of the four samples

Figure 1 shows the variation of theOD spectra at 10 K as a function of time after pumping at 370 n@®350 eV} under
as a function of time after pumping at 370 &350 eV}  |,=800uJ/cn? at 10 K. TheOD spectra taken under weak pho-
under the relatively strong photoexcitation ofg,  toexcitation and the PL spectra under the same and weak excitation
=800 wJ/cnt, for each of the four samples. The carrier den-conditions are shown at the bottom of each plot.
sity just after the photoexcitation is estimated about 1.2
x107° cm™3.%° OD spectra taken under weak photoexcita-perfectly separated by the internal electric field without
tion are shown as references. PL spectra are also showsgreening. The redshift of stimulated emission has been com-
under both the same and weak excitation conditions, excephonly observed from nitride-based materials by many
for sample(c). For sample(c) the PL spectrum under the researcher'=?’ The possible origin of redshift of the PL
weak excitation condition was located at about 2.7 eV angeak for strong excitation is the many body effects of
was very different from th\OD and PL spectra under the carriers.
strong excitation condition, and hence is not shown. Stimu- In all the samples, the photogenerated carriers rapidly
lated emission can be seen at about 3.1 eV in all samplagached the bottom level in the active layer after only a few
under this strong excitation condition. Therefore, the macrops. In samplega) and (b) positive peaks are observed after
scopic In content seems to be almost the same in eachbout 15 ps, at 3.21 eV for sample) and 3.17 eV for
sample. The stimulated emission was confirmed in allsample(b). The stimulated emission peak is located about 70
samples by time resolved photoluminescefii@PL). Since  meV lower in energy than the photoinduced absorption peak
the PL lifetime of stimulated emission was much shorter tharnin each sample, suggesting that the stimulated emission oc-
that of spontaneous emission, we can easily confirm theurs at localization states. In samples and(d), only nega-
stimulated emission using TRPL-23 The threshold carrier tive signals were obtained over the whole time and energy
density for stimulated emission was estimated on the order afange. After 50 ps the shape of the spectra in sar@lare
10'8 cm™3 at low temperature. The redshift of the PL peak different from those of samplel). The spectra in samplel)
was observed for strong excitation in the case of samples are merely broadened from 3.1 to 3.35 eV, while the spectra
and (b). It is thought that the internal electric field was in sample(c) tend toward the same structure as samfdes
screened by photogenerated carrier even under the weak exnad (b) at about 3.2 eV, though the signal does not become
citation condition. The carrier recombination will not occur positive. The mechanism of photoinduced enhancement
in sample (@) and (b) when the electrons and holes are observed in sample&) and (b) is probably the same as
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observed in a GaN epilayer, where screening of the interna’ sample (a) L,=30nm sample (b) ,=10nm
electric field takes plack In sample(d), however, only pho- ~ suens 2008 | Suliem? N 200p8|
tobleaching is observed, due the localization states of the - — "\ o Wf 50ps
excitons being occupied. In sample), the overlapping of e O\ ] —w/“\—k o s—
both effects is clearly observed. A band filling effect results | ~—~———/; \.~~"2%. PRV =
in simple photobleaching spectra similar to those of sampleg | ——___| \mg-gp:_ 5 _Ww/’\wgfgsz_
(d). On the other hand, screening of the internal electric field< | ————_ N\ 1'0"_ 2 —“\”\f\\ ]
induces positive signals sandwiched between the two nega, s ——___//\ al ol /N&""i
tive signals as in samplda) and(b). When both effects are 31_ x2 ’/\ 0.6ps | §I M 0.6ps
observed at the same time, the signal, which is turned | %2 P B T e e W Ty
slightly in a positive direction, is observed between two | L | e —
strong negative signals, as seen in the samplespectra at 3 32 34 3 32 34

t=50 and 200 ps. In samplés) and(b) the screening of the Photon Energy (eV) Photon E(Q)efgy &v)
internal electric field has a dominant effect on optical transi- mple((?) L —sum cample (d) L, <3nm
tions after carrier generation. The internal electric field re- —

duces the oscillator strength of optical transition due to Stark 20085 | _WOOP?
effects and Frantz-Keldysh effects. When the photogenerate:

\/\Mps: —WOps—
carriers screen the internal electric field, excitonic absorption o naPs | —WZps—
is restored. As a result, photoinduced enhancement of the =, . o &S] —W.ops_
absorption coefficient is observed. The internal electric field § — 3.0ps - 3.0ps—

strength due to piezoelectric polarization was calculated to " |— A 1.0ps | _vfw.om_
\NNGps -
N

be 0.45-1.6 MV/cm using the scattered value of the piezo-n — weps—
.2ps—] _W.Zps_
AWV - =

electric constant®?° In sample(d) exciton localization has S|
a dominant effect on optical transitions. The density of local-
32 34 3 32 34

£

111U
)

|
0.025
<+

PSRN

ized levels is so small that the DOS is easily occupied by the
photo-generated carriers. As a result, the broad negative sig

X i . _ Photon Energy (eV) Photon Energy (eV)
nals of AOD are observed. Piezoelectric field dominates © @
over inhomogeneity in samples with layer thickness more o . )
sistent with the previous workS:3! Physical mechanism was Weak excitation at 10 K. The excitation density is abdu

also stated in Refs. 30 and 31 =8 wJ/cnt for samples(a) and (b) and aboutl .,= 80 uJ/cn? for

We next consider tha OD spectra under the weak exci- Samples(c) and(d).
tation condition, to determine whether the difference in
AOD after 50 ps is dependent on the carrier density due t& OD spectra at room temperature for samgksand (b) as
the difference in the threshold carrier density for stimulatedvell as samplegc) and(d) have only broad negative signals
emission. The lifetime of simulated emission is much shortein contrast to the low temperature case illustrated in Fig. 1.
than that of spontaneous emission, so the carrier density aftghis is probably due to an increase in the threshold carrier
50 ps is almost the same as the threshold carrier density fafensity for stimulated emission. The threshold carrier density
stimulated emission in each sample. Figure 2 shows theor stimulated emission at room temperature is so high that
AOD spectra for each sample under the weak excitation conthe photogenerated carrier density does not decrease suffi-
dition. The excitation density is about,=8 wJd/cn? in  ciently within the time range of our experiment. It is difficult
samples(a) and (b), and aboutl .,,=80 uJ/cnf in samples to estimate the carrier density just after photoexcitation at
(c) and(d). The carrier density just after photoexcitation wasroom temperature, because with piezoelectric field in the bar-
estimated about 1:210' and 1.2<10® cm™3 under I, rier GaN layer, the GaN barrier layer absorption tail extends
=80 uJdlcnt and |,=8 uJicn?, respectivel’° For  to 370 nm. But it is thought the order of carrier density can
samplegc) and(d) the AOD signal level was reduced com- be estimated. The carrier density under §00cimi 2 was on
pared to that unddr,=800 wJ/cn?, and no clear data could the order of 18° cm™3. The threshold carrier density for
be obtained fot .,=8 wJ/cnt because of both the detection stimulated emission was more than the order of ton 2.
limit and interference effect. Moreover, the broadness of théThis means that the saturation of the absorption is much
spectra, due probably to the potential fluctuation, leads tdarger than the photoinduced absorption at high carrier den-
difficulties in detection under smaller photogenerated carrisity. Similar behavior was also observed at low temperature
ers. Nevertheless, positive signals are observed only ifor samples(a) and (b) within 15 ps. The threshold carrier
samples(a) and (b), over the whole time range. As men- density at low temperature, however, is low enough that the
tioned above, the internal electric field has a dominant effecphotogenerated carrier density rapidly decreases to the car-
on optical transitions in sampléa) and (b). The difference rier density where the saturation of the absorption is ignored.
in the threshold carrier density is not significant for these In order to confirm the effect of the threshold carrier den-
AOD spectra at low temperature. sity, PP spectroscopy under the weak excitation condition

The temporal behavior of thAOD spectra under strong was performed at room temperature and illustrated in Fig. 4.
excitation at room temperature is shown in Fig. 3. All theln samples(a) and (b) photoinduced absorption was ob-
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szllmple (a) Lw=l30nm sample (b) ILw=10nm . sample (a) L,=30nm ?ample ®) L‘,I,=10nm

— 200ps— x2 200ps

— I— 8w/em? — 8ul/em?
- W — Moo Y 5008 200ps — 200ps__
50ps — X2 ] — ] 50ps

— x2 — —

szps — WGOPS— [ Wops ] 12pS

- 1 W1 2ps WZPS — 1
— I ] 6.0ps

W ops | -
— . T Y 6.0ps ]
3.0ps oL 3.0ps_ —W Ps -Ops
— — 3.0ps — —
W ¥05 1.0ps_ | 1 ;

0

AOD
AOD
AOD

1.0ps_ | .Ops

#

0.6ps

| i . — _W.Ops N —
°¢—w6” - T g T T Yo t_W“’“W\W”’“o 2ps

0.025

x2 N .2ps .
_MW\?/'ZPS_ N §1 —W ” —mw ]
= . . i = . 0.2ps ° N ]

3 3.2 34 3 3.2 3.4 L 1 L 1 1 1

3 3.2 34 3 3.2 34
Photon E v,
oton Energy (&V) Photon Energy (6V) Photon Energy (eV) Photon Energy (eV)
@ ®
@ ®)
sample (¢) L,=5nm sample (d) L =3nm sample (¢) L,=5nm sample (d) L,=3nm
x2 00ps | x2 200ps ' ' ' - 80u/om?

| — L 80u)/cm? 200ps __|
50ps N SN o N |

| x2 50ps_| . W s | B Sps B
w 2ps | N W1 2ps | Wps I
| WG.OE Mps ] B

200ps

50ps |
12ps

i

a [a) — 6.0ps
3 30ps | Q W 2 il
) _W 1 _%N/SOE % I 3.0ps 1 — 30pi
= _m.oﬁ— 4 _mmﬁ Lo ops 1.0ps
3 x0.5 - I W 7 Y\ ]
I e 5 —M\%W/O'GE gv_ oges | 5)] 0.6ps |
<
e —W\J"-Z'ﬁ —WPS — L 0.2ps |
— I L I L 1 = . e L ' \
3 3.2 34 3 3.2 34 3 32 34 3 32 34
Photon Energy (eV) Photon Energy (eV) Photon Energy (eV) Photon Energy (eV)

© @ © @

FIC_S. 8. \(/jar':atlt_)réoogAO/Dn?pectra as a function of time after FIG. 4. The variation oA OD spectra as a function of time after
pumPpINg Undet e,= pJlent at room temperature. pumping under weak excitation at room temperature. The excitation

. . . . density is about.,=8 uJ/cn? for samples(a) and (b), and about
served just after photopumping. Only negative signals werg _ gn wdlcn? for samples(c) and (d)
ex .

obtained in sample&) and (d) over the whole time range.

This behavior is almost the same as that at low temperaturf%creased In sample) the two competing effects of exciton
under the weak excitation condition. However, thA®D ’ b beting

localization and the internal electric field could be observed
spectra for sampléc) at room temperature does not have the
. . _at low temperature. However, at room temperature only the
structure seen at low temperature. This is because the inter- A .
P T . exciton localization effect was observed in sam(e The
nal electric field in sampléc), which is relatively low even

; o . . electric field in sampléc) is easily screened by unintentional

at low temperature, is screened by intrinsic carriers ongmat-d g by i " d def . 4 by th |

ing from unintentional doping by impurities or defects acti- oping by |_mpur|t|es and de ects activated by thermal en-
ergy. Photoinduced absorption was observed under the weak

vated by thermal energy. These results suggest that the cals Sitation condition in sample&) and (b) at both low and

rier density to observe the photoinduced absorption due tQ . .
. ) o room temperature. At room temperature, the carrier density
screening the piezoelectric field is much less than that fo

. = {o observe the photoinduced absorption due to screening the
simulated emission at room temperatures. . - F . X
internal electric field is much less than that for stimulated
emission, because the photoinduced absorption was not ob-

IV. CONCLUSION served under strong excitation condition.
From our investigation of the well width dependence of
the internal electric field on optical transition in different ACKNOWLEDGMENT

types of InGaN-based semiconductors at low and room tem-

perature, it was found that the screening of internal electric Part of this study was carried out using the facility
fields are more important than exciton localization after carat the Venture Business Laboratory in Kyoto University
rier generation as the thickness of a single active layer i$KU-VBL).
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