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We have observed differential reflection dynamics in In0.518Ga0.492As/InP multiple quantum wells,
using the pump–probe technique, and examined the photoluminescence spectra to determine the
interface quality for the samples studied. Our results show that the interface quality and well width
of the quantum wells~QWs! strongly influence the differential reflection dynamics. The
experimental results provide a direct evidence to demonstrate that photoexcited carrier diffusion in
cap layer and barriers along the direction perpendicular to sample surface plays a dominant role in
determining the differential reflection dynamics of the QWs. ©1998 American Institute of
Physics.@S0003-6951~98!04601-4#
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The abruptness of quantum well~QW! heterointerfaces
can greatly influence the properties of heterostructure
vices. For a thin QW with a rough heterointerface, the p
toluminescence~PL! line width increases1 and electron mo-
bility decreases.2 The pump–probe technique provides
powerful experimental method for determining time-resolv
relaxation in photoexcited semiconductor materials. It h
been widely used to study photoexcited carrier dynam
However, to our knowledge the study on the effect of int
face roughness and well width of QWs on the different
reflection dynamics is lacking.

InGaAs/InP QWs have attracted much attention beca
of its important technological role in the fabrication of opt
electronic devices. This material system allows the energ
adjustment of radiative transition to the wavelength of mi
mal absorption~1.55 mm! and zero dispersion~1.3 mm! of
commercial silica optical fibers. The optoelectronic prop
ties and material growth of InGaAs/InP QWs have been
ported. Some authors have used upconversion PL techni
to study photoexcited carrier capture, thermalization, co
ing, and charge transfer from the barriers into wells
InGaAs/InP quantum wells.3,4 In this letter, we report the
first observation of the differential reflection dynamics
In0.518Ga0.482As/InP multiple quantum wells~MQWs!. The
effect of interface roughness and well width on the differe
tial reflection dynamics has been investigated.

The samples studied were grown by metalorga
chemical vapor deposition~MOCVD!. We have studied
three types of InGaAs/InP MQWs. Sample Nos. 1 and
have the same structure, but have different interface qual
since different interruption times were taken for each al
during MOCVD growth. They consist of aS-doped InP sub-
strate, followed by a 2000 Å InP undoped buffer layer,
period 70 Å In0.518Ga0.492As/400 Å InP QWs in the center

a!Electronic mail: yiguang@ibm320h.phy.pku.edu.cn
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and finally by a 1600 Å InP cap layer. Sample No. 3 cons
of five wells with different widths 160, 120, 90, 70, and 5
Å, each being separated by a 400 Å barrier layer of InP,
the thickness of the cap layer is the same as the sample
1 and 2. The wells are positioned in the order of decreas
width with distance from the front surface.

Our measurements of differential reflection dynam
were made at room temperature, using the pump–probe t
nique. The short pulse source was a mode-locked hybrid
laser synchronously pumped by a frequency-doubled mo
locked yttrium–aluminum–garnet~YAG! laser. The laser
produced pulses as short as 150 fs with a repetition rate o
MHz, and around 647 nm wavelength. The laser beam
split into pump and probe beams. They were orthogona
polarized. The pump beam was normally incident and
probe beam was with an incident angle of 15°. The t
beams were focused to an;20 mm diameter spot on the
samples. The probe beam was delayed by a step-motor-d
delay stage. The reflection signals were detected, usin
photodiode and a lock-in amplifier. Each data point we
represented by the average of several runs over the ch
delay range.

Figure 1 shows differential reflection dynamics me
sured on the sample Nos. 1, 2, and 3. A distinct fast ris
edge, followed by a slow decay has been observed in ev
sample. However, the time constants of the decay are q
different for different samples. The delay time of sample N
1 is much longer than those of sample Nos. 2 and 3. In
period of the first 30 ps, the differential reflection signal
sample No. 2 is similar to that of sample No. 1, and after t
the decay becomes fast. The decay of sample No. 3 is fa
than those of sample Nos. 1 and 2.

We have also determined the PL spectra for the sam
studied. The PL measurements were performed using an1

laser with 5145 Å line. The signal was dispersed by a 1 m
spectrometer and detected by a liquid-nitrogen-cooled
p- i -n photodiode using conventional lock-in technique
977/3/$15.00 © 1998 American Institute of Physics
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8 K.
The sample temperature was maintained in a continuous
helium cryostat. All PL spectra were measured at 8 K.

Curves A, B, and C shown in Fig. 2 are the PL spec
for sample Nos. 1, 2, and 3, respectively. The PL spectr
of sample No. 1 in the structure is quite different from tho
of sample Nos. 2 and 3, having only one broad lobe~total
linewidth is ;62 meV! with a shoulder at high energy side
Curve B has two peaks, and their line widths are;32 and
;10 meV, respectively. Curve C has three peaks, one do
nant peak~line width is ;12 meV! and two small peaks
Using the envelope function approximation,5 we have made
a calculation to fit the excitonic peak energy position w
the PL spectra. The high-energy shoulder of curve A a
high-energy peak of curve B are the transition (E1H) be-
tween then51 electron subband and then51 heavy-hole
subband in sample Nos. 1 and 2, respectively; the domin
peak of curve C is the E1H transition in the 160 Å well of
sample No. 3. The low-energy features of curves A and B
probably due to the participation of impurities in the reco
bination process, which is consistent with the situation
served in GaInAs bulk, where all PL has been identified
impurity assisted luminescence;6 and similar PL spectra in
Ga0.47In0.53As/InP QWs have also been observed.7 The two
small peaks of curve C probably are luminescence from
narrower wells.

Interface roughness has a great influence upon the

FIG. 1. Time-resolved differential reflection (DR/R) measured for different
samples~A!: sample No. 1;~B!: sample No. 2; and~C!: sample No. 3.
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line width for the narrow wells; however, the PL line widt
of the wide wells is relatively insensitive to interfac
roughness.8 For sample No. 3 the widths of the wells locate
at near sample surface are much wider than those of sam
Nos. 1 and 2, thus it has narrower PL line width. The broa
PL linewidth of sample No. 1 shows that its interface
rougher than that of sample No. 2.

The evolution of the differential reflection dynamics fo
lowing the excitation of laser pulse is determined by t
changes of the refractive index and the absorption in the
layer, the wells, and the barriers, and mainly is a con
quence of a decrease of the photoexcited carrier density.
have studied the differential reflection dynamics in InGa
InP film and have demonstrated that the delay time of
differential reflection dynamics depends on the photoexc
carrier diffusion along the direction perpendicular to the fi
surface.9 For the QWs, the photoexcited carrier transfer p
cesses are more complex. When the samples are excited
laser pulse, the distribution of the carrier density redu
exponentially along the direction perpendicular to the sam
surface (z direction!. Following the light excitation, the pho
toexcited carriers will diffuse from high density region
lower density region in the cap layer and the barriers; a fr
tion of the carriers will be captured by the wells and radiat
recombination will occur in the wells, these also induce
density gradient of photoexcited carriers in the barriers, a
influence carrier diffusion; and some of the carriers will e
cape from the wells into the barriers due to therm
emission;10 the carriers emitted by the wells near surface
transferred across the barriers and can be captured by

FIG. 2. PL spectra measured for different samples A: sample No. 1
sample No. 2; and C: sample No. 3. All PL spectra were measured at
Zhao et al.
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wells located at far from the surface. Previous experime
results show the radiative recombination lifetime of InGaA
InP QWs are functions of temperature and the thicknes
barrier or well, and is much longer than the delay tim
shown in Fig. 1.11 So that, the influence of the radiativ
recombination on the differential reflection dynamics can
neglected. We also ignore carrier depletion due to recom
nation in the cap and barrier layers, and the sample surf
Because the former is justified by the fact that the bulk
combination time is considerably longer than the delay ti
shown in Fig. 1,12 the latter is valid provided by the surfac
recombination velocitySn!(D/t)1/2, where D is the ambi-
polar diffusivity. The measured value ofSn for hole in InP is
typically ;102 cm/s,12 while (D/t)1/2 is estimated to be
;105 cm/s.11 If we take the origin of the z axis at the samp
surface, the initial density distribution of photoexcited car
ers along thez direction can be expressed byn(z)5n0exp
(2az), wheren0 is the initial carrier density atz50, a is the
absorption coefficient and approximates to;4 mm21 for the
excited wavelength.13 While, the laser beam was focused
an ;20 mm diameter spot on the sample as mention
above. Assume the laser intensity distribution on the sam
surface obeys a Gaussian function, thus the density grad
of photoexcited carriers along thez direction is much greate
than that in thex–y plane. Therefore, the differential reflec
tion dynamics is mainly determined by the process of p
toexcited carrier transport along thez direction. It should be
mentioned that after laser excitation the evolution of the p
toexcited carrier density in the cap layer and the barriers
different from those in the wells. In the cap layer and in t
barriers the carrier density decreases; while, in the wells
carrier density increases at the beginning of just off pu
beam pulse, which has different temporal evolution from t
of the differential reflection dynamics shown in Fig. 1. Sin
the thicknesses of the cap layer and the barriers are m
larger than those of the wells for samples studied, we p
pose that carriers diffusion in the cap layer and the barr
along thez direction plays a dominant role in determinin
the differential reflection dynamics.

Using the above proposition, our experimental resu
can be satisfactorily explained. The capture efficiency is
pressed by11

h512exp~2dw /tbvb!, ~1!

wheredw is the well width,tb is the trapping time, andvb is
the mean drift velocity of the carriers. For sample No. 3,
width of the wells located at near sample surface is m
larger than those of sample Nos. 1 and 2. So, sample N
has a larger capture efficiency. The larger the capture
ciency, the larger the gradient of the photoexcited car
density in the barriers, and the faster is the carrier diffus
giving rise to a shorter delay time of the differential refle
tion dynamics. Interface roughness in a silicon metal–oxid
semiconductor field-effect transistor was considered to be
herent to space-charge layers and was expected to cons
a major cause of scattering, especially at high elect
concentrations;14 and the interface roughness scatteri
dominates the low temperature mobility of two-dimensi
electrons in QWs.2 In our case, the interface roughness sc
tering will reduce the diffusion velocity of photoexcited ca
Appl. Phys. Lett., Vol. 72, No. 1, 5 January 1998
Downloaded 12 Oct 2007 to 132.204.76.245. Redistribution subject to AI
al
/
of
s

e
i-
e.
-
e

-

d
le
nt

-

-
re

e
p
t

ch
-

rs

s
-

e
h
3

fi-
r
n

–
n-
ute
n

t-

riers in the cap layer and the barriers, resulting a longer de
time of the differential reflection dynamics. The interfa
quality of sample No. 1 is rougher than that of sample No
so that its delay time of the differential reflection dynamics
longer than that of sample No. 2 as shown in Fig. 1. We h
also measured some samples with the same interface q
ties as that of sample No. 1, and same results have b
observed.

We have studied the differential reflection dynamics
InAsxP12x /InP (x<0.35) strained-MQWs. Our experimen
tal results show that for the QWs with same interface qua
and well width, their delay times of the differential reflectio
dynamics decrease with increasing arsenic composition.
have also used the above proposition to explain the ba
height dependence of the differential reflection dynami
Our calculated results show that the smaller the bar
height, the more carriers escape from the wells into the b
riers due to thermal emission, which will reduce the mobil
of photoexcited carriers because of carrier–carrier scatte
inducing a longer decay of the differential reflection dyna
ics. The results will be published elsewhere.

In conclusion, the above experimental results provid
direct evidence to demonstrate that photoexcited carrier
fusion in the cap layer and the barriers along the direct
perpendicular to the sample surface plays a dominant rol
determining the differential reflection dynamics of th
samples studied. For the QWs with poor interface qual
carrier diffusion velocity in the barriers will be decreas
because of interface roughness scattering, which will cau
longer delay time of the differential reflection dynamics; f
the QWs with larger well width, the larger capture efficien
is expected, which will induce a larger gradient of the ph
toexcited carrier density in the barriers, thus the velocity
the carrier diffusion in the barriers will be accelerated, resu
ing a shorter delay time of the differential reflection dyna
ics.
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