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Bleaching peaks associated with transitions between quantum-well levels have been detected in
the nonlinear transmission spectra of semiconducting CdSe microcrystals of various radii. The
process by which the transmission is restored has been studied. It is explained in terms of a filling
of quantum-well levels by carriers excited by picosecond laser pulses. A gain regime has been
detected for the first time in semiconductor quantum dots. This gain is manifested in both the
nonlinear transmission spectra and the luminescence spectra. The dispersion of the real and
imaginary parts of the cubic susceptibility is determined. The nonlinear-optics constants are
determined as functions of the size of the microcrystals and the carrier lifetime.

INTRODUCTION

Semiconducting microcrystals are quasi-zero-dimen-
sional structures (quantum dots), whose energy spectrum
differs substantially from that of bulk semiconductors.! In
microcrystals whose radius is small (in comparison with the
exciton radius ), the quantum size effect gives rise to discrete
energy levels in the conduction and valence bands. Transi-
tions between these levels should be manifested as separate
absorption peaks. It is difficult to observe this discrete spec-
tral structure, however, because of the pronounced inhomo-
geneous broadening of the quantum-well levels caused by
the scatter in the size and shape of the microcrystals. In the
case of CdSe and CdS, Se, _ ., for example, it is only in mi-
crocrystals of extremely small diameter (4-5 nm at the lar-
gest) that one observes in the linear absorption spectra the
weak oscillations>® associated with transitions between
pairs of low-lying levels in the conduction band and the three
valence subbands (1s—1s transitions).

The resonant dynamic nonlinearities detected in micro-
crystals are associated with a short-wave shift of the absorp-
tion edge of the semiconductor,* which apparently results
from a filling of low-lying quantum-well levels by photoex-
cited carriers. In semiconductor quantum-dot structures

(heterostructures with quantum wells and superlattices),

the quantum size effect gives rise to a substantial increase in
the characteristic nonlinear-optics constants.®> Calculations
show that a corresponding effect should occur for micro-
crystals, in the case of an independent quantization of the
electron and hole energies (in microcrystals of small radi-
us)® and also in the case of an energy quantization of the
translational motion of an exciton (in comparatively large
microcrystals).” However, the values which have been de-
tected for the cubic nonlinear susceptibility y*’ of these mi-
crocrystals do not exceed®® 10~7-10 % esu. These values
are well below the values of y** of bulk semiconductors. On
the one hand, this circumstance can be attributed to the low
concentration by volume of the semiconductor in the test
samples (up to 1% ). On the other, it can be attributed to the
short carrier lifetimes, which are lowered to hundreds or
even tens of picoseconds during intense pumping.”'® We
might add that in place of the expected increase in y*’ with
decreasing size of the microcrystals one usually observes the
opposite effect.” This result may be a consequence of a pro-
nounced reduction of the carrier lifetime in small-radius mi-
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crocrystals as the result of an increase in the efficiency of
radiationless recombination.

In the present paper we examine the dynamics of the
nonlinear-transmission spectra of a glass doped with CdSe
microcrystals. In these crystals, a quantum-well level struc-
ture is exhibited as the result of a selective excitation of the
microcrystals. This structure is not seen in the linear trans-
mission spectra. The spectra of induced changes in the ab-
sorption coefficient which have been detected have been
used to determine the dispersion of the induced refractive
index and the spectra of the real and imaginary parts of the
cubic susceptibility. The effect of the microcrystal size (for
the case in which the radius of the microcrystals does not
exceed the first Bohr radius of the exciton) and that of the
carrier lifetime on the typical values of the nonlinear-optics
constants are studied.

EXPERIMENTAL PROCEDURE

We studied samples of a glass doped with CdSe (at’
T = 80 K) with microcrystal radii ranging up to 10 nm. The
crystals were excited by ultrashort pulses at the second har-
monic of a mode-locked neodymium (YAG:Nd**) laser,
with a photon energy #iw, = 2.33 eV. The length of an indi-
vidual pump pulse was 20-25 ps, and its energy W was up to
0.5 mJ. The exciting light was directed along the normal to
the surface of the sample and was focused into a spot 0.5-2
mm in diameter. The central part of the excitation region
was probed by an oppositely directed collinear beam of
“white” light, produced by sending ultrashort pulses at the
fundamental frequency of a laser with a wavelength of 1.06
pm into a cell filled with heavy water. Two delay lines (in the
excitation and probing channels) made it possible to delay
the probing pulse with respect to the exciting pulse by a time
ranging up to 3 ns. The probing light was detected (in front
of and behind the sample) by an OVA-284 multichannel
analyzer, with a signal buildup of 50-100 pulses and with
energy selection of the ultrashort excitation pulses within an
error + 10%. In these experiments we measured the differ-
ential transmission spectra
T —T,(A)
DT(}»)———-——ﬂTO(}‘) (1)
[T(A) and T, (A) are the transmission spectra of the excited
and unexcited sample, respectively]. We were thus able to
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eliminate the effect of the spectral characteristics of the pho-
todetectors on the final results and to reduce the role played
by an instability of the spectral composition of the probing
light. [Transmission spectra normalized to the reference
spectra of the probing light were used in (1)].

EXPERIMENTAL RESULTS AND DISCUSSION
1. Dynamics of the differential transmission spectra

Figure 1, a and b, shows DT (1) spectra for two sam-
ples, 1 and 2, with microcrystals of different radii R, > R,.
(The corresponding linear-transmission spectra are shown
by the dashed lines in Fig. 1.) The exciting pulse causes a
pronounced bleaching near the absorption edge of the sam-
ples. With an increase in the delay time A¢, the spectral re-
gion in which the bleaching is observed becomes narrower,
and the short-wave edge of the DT (A1) spectrum moves to a
lower energy. The long-wave edge remains at essentially the
same position. ,

A distinctive feature of the DT (A) spectra is a charac-
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FIG. 1. Differential transmission spectra of CdSe microcrystals (at 80
K). a: Sample 1, W= 0.12 mJ. 1—At = 0; 2—66 ps; 3—1 ns; 4—2 ns. b:
Sample 2, W= 0.25 mJ. 1—A¢ = 0; 2—33 ps. The solid line shows the
transmission spectra of unexcited samples. The insets illustrate the tem-
poral changes in the integral fAa (A4 )dA, which is proportional to the total
number of photoexcited electron-hole pairs in a microcrystal.

145 Sov. Phys. JETP 74 (1), January 1992

teristic discrete structure, which is not seen in the linear ab-
sorption spectra. The spectrum of sample 1 has some well-
resolved bleaching peaksat 4, = 649 nm, A, = 616 nm, and
A; = 563 nm; sample 2 has a peak at A | = 585 nm. (Near
the A, and A, bands, we observe not a simple bleaching but a
fairly significant gain, which is close in magnitude to the
absorption coefficient of the unexcited sample.) The relaxa-
tion times of the induced bleaching were very different in the
test samples. In sample 2, the transmission recovery time
was about 100 ps, while the transmission of sample 1 had not
recovered completely even after the maximum delay of 3 ns.

Pronounced differences were found in the dynamics of
the transmission relaxation at the different bleaching bands.
This situation is particularly clear in the case of sample 1.
Band 4, disappears from the DT (A) spectrum nearly com-
pletely during the first 70 ps after the application of the ul-
trashort excitation pulse, while band 4, increases in ampli-
tude over this time interval and then decays over about 2 ns.
The longest-lived peak, 4, , does not relax completely even at
the maximum delay values, Af = 3 ns.

The presence of well-defined bleaching peaks in the
DT (A) spectra and the differences in their decay dynamics
can be explained by a model for the filling of the quantum-
well levels which form in the valence and conduction bands
during the independent quantization of the electron energy
and the hole energy. The positions of the absorption peaks
associated with transitions between these levels are given
by’
hz(Pz?n

Bon=Es + 5 e

where E | is the width of the band gap associated with sub-
band i/ of the valence band (i=A4,B,C), m, =m,m,/
(m, + m,) (m, and m, are the effective carrier masses),
and @, ,, is the nth root of the Bessel function J, , ,,, . Bleach-
ing peaks A, and A, for sample 1 essentially coincide with
the energies E,, and E, , of the first two transitions (1s—1s
and 1p—1p) for R at about 6 nm. The A, peak lies in the
region of transitions with energies E, |, E,,, and E; ;. The
position of the A | peak for sample 2 corresponds to the ener-
gy E,, of the 1s—1s transition with R at about 3.5 nm.

Evidence in favor of a high efficiency for the filling of
the levels comes from the fact that a significant gain is ob-
served in bands A, and A, (in sample 1). At small values of
At, this gain reaches values approaching the maximum pos-
sible value. The absorption coefficient in the region of the
transition from the (/,n) level of valence subband i to the
(I,n) level of the conduction band can be written as follows,
according to our model for the filling of levels:

0 h
ai,l,11=ari,l,71(1_nle‘n—ni,!,n)s (2)

where a},, is the absorption coefficient of the unexcited
sample, which is proportional to the degree of degeneracy of
the levels under consideration [2(2/+ 1)], and #;, and
n?, . are the occupation numbers of the levels in the conduc-
tion and valence bands, respectively. If the sum of occupa-
tion numbers (#§, + n/,, ) exceeds one, the system does not
absorb. It instead amplifies the light. The maximum value of

the gain g, which is reached under the condition

e h

nr,n=ni,1,n=1.
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turns out to be equal to the absorption coefficient of the un-
excited sample: g,., =a,,. In this case the differential
transmission is at a maximum and is given by

r4

DTmax =———1
T,

(r is the reflection coefficient at one face of the sample).
Near the A, peak we have T, = 0.46 and thus DT, ,, =3
(with » =0.96). This value is essentially the same as the
measured value of DT (A4, ) at Az = 66 ps (Fig. 1a).

Gain effects are also seen clearly in the luminescence
spectra.'' At W>20 uJ, a comparatively narrow peak of
amplified luminescence appears at the crest of a broad spon-
taneous-emission band. A scattering of the amplified light is
clearly visible at the faces of the sample under these condi-
tions."

To determine the relaxation characteristics of the elec-
tron-hole system in a microcrystal, we studied the time evo-
lution of the induced difference in absorption coefficients,

Ao (h) =a (M) —a (A)

in the various bleaching bands. In our filling model, the val-
ue of Aa near the (i,/,n)—(/,n) transition is proportional to
the number of carriers in the corresponding states of the
valence and conduction bands [see (2)]. The total number
of photoexcited carriers is proportional here to the integral
SAa(A)dA. The time evolution of this integral is shown in
the insets in Fig. 1, a and b (see also the data of Ref. 11).

The fast relaxation of the A, peak {with a time scale
7= — Aa[d(Aa)/dt ] ~' of about 60 ps} observed in the
initial stage (At < 70 ps) for sample 1, on the one hand, and
the negligible increase in the amplitude of the 4, and A,
bands, on the other, can be attributed to a cooling of the
carriers accompanying their transition from the higher-ly-
ing states to the two lower-lying states. The integral of Aa
varies only negligibly (see the inset in Fig. 1a), implying a
slight decrease in the total number of photoexcited electron-
hole pairs. The subsequent behavior of the system (Az> 70
ps) is apparently governed by a recombination of carriers
(spectra 3 and 4 in Fig. 1a), in the course of which the A,
peak disappears (the time scale 7 for this peak increases with
increasing At from 300 to 700 ps), and the longest-lived
band, 4, undergoes a partial relaxation. The value of Aa for
this band falls off essentially exponentially with a time scale
of about 2 ns. For the integral of A, as for the A, band, we
see a transition from a very nonexponential decay to an es-
sentially exponential decay. As the reasons for the nonex-
ponential decay of the electron-hole system in the micro-
crystals we might cite nonlinear recombination mechanisms
(e.g., an Auger process’ ) or induced-emission effects.

The relaxation times measured for sample 2 are consid-
erably shorter. In particular, the decrease in the integral of
Aa occurs with a time scale of only about 60 ps.

The lifetime 7 of the electron-hole pairs in a microcrys-
tal is determined by the joint effects of radiative and radia-

tionless recombination. This lifetime can be written
_ TrTnr

.
T+ T,

where 7, and 7, are the time scales for radiative and nonra-
diative decay, respectively. With an independent quantiza-
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tion of the electron and hole energies, the oscillator strength
for the allowed transition per microcrystal and thus the ra-
diative-recombination time 7, are independent of the size of
the microcrystals.” Estimates show® that the time 7, for
CdSe is about 1-2 ns. The time scale 7 of the exponential
decay measured for sample 1 is 2 ns, close to the value of 7,.
This approximate agreement is evidence that radiative pro-
cesses are highly efficient (this conclusion is supported by
the presence of the intense stimulated emission found in the
case of sample 1). For sample 2, the time 7 is considerably
shorter than 7,. It can be concluded on this basis that there is
a predominantly nonradiative recombination in this case (at
T7<T,, the decay time is 7= 7,, ). The increase in the impor-
tance of nonradiative processes with decreasing radius of the
microcrystals can apparently be attributed to an increase in
the efficiency of recombination through surface states.®

2. Calculations of the nonlinear-transmission spectra of the
microcrystals

According to our model for the filling of levels, the ab-
sorption spectrum of the excited sample can be determined
by summing the contributions [see (2)] from all allowed
transitions between quantum-well levels in the conduction
band and in the three valence subbands of the semiconduc-
tor:

a(fow)

= Gfo(ZZ‘H)S (=1, =1,10) g (ho—E ., ) P(R)AR. (3)

ilon 0

Here g(#fiw — E,;, ) is a spectral factor which accounts for
the homogeneous broadening of the transition between a
pair of separate quantum-well levels; P(R) is the size distri-
bution of the microcrystals, which describes inhomogen-
eous-broadening effects; f; are oscillator strengths for transi-
tions between the conduction band and the various valence
subbands, averaged over polarization; and G is a constant. In
the course of the calculations, this constant was chosen by
fitting calculated absorption spectra of the unexcited sam-
ple, a, (fiw), to the measured spectra.

For comparison with experimental results, we used (3)
to calculate the absorption spectra of the excited and unex-
cited samples. We then calculated the differential transmis-
sion spectra under the assumption that inhomogeneous
broadening is predominant. The latter assumption makes it
possible to replace the spectral factor g(fiw — E;;, ) in (3)
by a §-function §(#iw — E;;,, ). To describe the inhomogen-
eous broadening, we use the size distribution of the micro-
crystals which was found by Lifshitz and Slezov.'> The oc-
cupation numbers were found under the assumption of a
quasiequilibrium Fermi energy distribution with a certain
electron temperature 7, and with N excited electron-hole
pairs, the same in all the microcrystals. The electron and
hole chemical potentials were calculated from

Z, 2(21+1)n., . =N. (4)

i,l,n

Yoeiyn=n,
l,n

Figure 2 shows the results of numerical calculations of
the spectra DT(A), i.e.,

DT()\,) =exp[ (an (x)_a(;"))d] _17
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FIG. 2. Calculated differential transmission spectra of CdSe microcrys-
tals (average radius R =5 nm). 1—7, =500 K; 2-4—80 K. 1, 2)
N=12;3)4;4) 1.

(d is the thickness of the sample), for samples with an aver-
age microcrystal radius R = 5 nm (sample 1). The spectra
calculated for N between 12 and 1 provide a good explana-
tion of the shape and dynamics of the experimental DT(A)
spectra. In the calculated spectra, as in the experimental
spectra, we clearly see two bleaching (or gain) peaks, asso-
ciated with transitions between pairs of low-lying 1s and 1p
electron and hole levels. We also see a third peak, not as well
defined, in the vicinity of the higher-lying levels which fol-
low.

Spectra I and 2 in Fig. 2 were calculated for two differ-
ent temperatures of the electron-hole system (500 and 80 K,
respectively) at a fixed number of carriers in a microcrystal
(N = 12). These spectra correspond to the cooling of the
electron-hole system (see spectra 1 and 2 in Fig. 1a) ob-
served in the initial stage (At <70 ps). Spectra 2—4 were
calculated at a fixed temperature 7, = 80 K and for various
values of the total number of electron-hole pairs in a micro-
crystal. These spectra describe the dynamics of the DT (4)
spectra in the course of the recombination (see the measured
spectra 2-4 in Fig. 1a).

Despite the good agreement between the theoretical
and experimental differential transmission spectra, the sim-
plified calculation version described above leads to some
fairly strong oscillations in the linear absorption spectra
which are not observed experimentally. We would expect a
closer agreement with the measured spectra from calcula-
tions incorporating both inhomogeneous and homogeneous
broadening and also incorporating the differences in the
number of electron-hole pairs excited in microcrystals of dif-
ferent radii. Under the experimental conditions, with the
samples being pumped by narrow-band laser light (the
linewidth was about 0.3 nm), not all of the microcrystals
were excited. Only those microcrystals for which the center
of the homogeneous-broadening line lay near the laser line
were excited. Consequently, while the linear transmission
spectra do not reveal the discrete structure associated with
the size quantization, because of the joint effects of homoge-
neous and inhomogeneous broadening, the nonlinear trans-
mission spectra reflect a substantially reduced role of inho-
mogeneous broadening because of the selective excitation of
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the microcrystals of a certain radius (a “hole was burned” in
the size distribution of the microcrystals). It thus becomes
possible to detect bleaching peaks whose width apparently
corresponds to the homogeneous broadening of transitions
between quantum-well levels.

3.Induced changes in the refractive index

Since the nonlinearities detected in the microcrystals
stem primarily from large absorption changes near the ab-
sorption edge of the semiconductor, the corresponding re-
fractive-index changes An(A) can be found from the mea-
sured spectra of the induced absorption coefficient A (4)
with the help of the Kramers-Kronig relations. In the case of
small dispersion-related changes we can write

1 ( Aa(z)—Aa())

An(h)=— dz.
i o ER

The results calculated for the An(A) spectra corresponding
to different delay times At are shown in Fig. 3a (for sample
1) and Fig. 3b [sample 2; the spectrum corresponding to
At = 0 is not shown in Fig. 3b, since in this case a large part
of the Aa(A) spectrum falls near the lasing line]. The ampli-
tude values of An are + (3-4)-10~° for sample 1 and
+ 10~ ° for sample 2. With increasing At, the An(A) spectra
acquire the shape characteristic of a saturated two-level sys-
tem.

R

19; An-ip?

&+ b

FIG. 3. Spectra of the induced changes in the refractive index, An(A). a:
Sample 1. 1—At = 0, 2—66 ps; 3—1 ns; 4—2 ns. b: Sample 2. I —Ar = 17,
2—33 ps.

Vandyshev et al. 147



4. Cubic-susceptibility spectra

The most informative characteristics of optically non-
linear media are their nonlinear susceptibilities. Glasses
doped with microcrystals are isotropic media, so the only
nonvanishing nonlinear susceptibilities are of odd order in
this case: ¥, y'®, etc. In the devices which are used in
practice, the nonlinear-optics elements work under self-ac-
tion conditions. Responsible for processes of this sort are the
so-called Kerr susceptibility y* (w;0, — @,0) [below we
will write simply y‘*’ () ] and other higher-order suscepti-
bilities with a similar set of frequencies.

The most common method for determining nonlinear
characteristics of semiconductor-doped glasses is degener-
ate four-wave mixing.'>'* That method, however, is capable
of revealing only the absolute value of the susceptibility,
1*; auxiliary measurements are required to determine its
phase.'® Other disadvantages of that method are the difficul-
ties in calibrating the signal so that absolute as well as rela-
tive measurements can be carried out. Another shortcoming
is that measurements can be carried out only at certain fixed
wavelengths.

The spectra DT(A1), Aa(4), and An(A1) obtained in the
present study can be used to directly determine the spectra of
the real and imaginary parts of the nonlinear susceptibility
xP. The changes in the susceptibility y caused by a mono-
chromatic field of frequency w,

E=E,e ™ 4cc.
can be written in the form
Ax(@)=x" (o) |E*+¢” (o) |E.|*+ . ..

The real and imaginary parts of Ay determine the induced
changes in the absorption coefficient and the refractive in-
dex:

47

® 2n
Ao = Im Ay, An=—n—Re Ax. (5)
0 0

cn
where 7, is the linear refractive index. In the case of a rela-
tively weak field, in which we can ignore processes of fifth
and higher orders, the changes in y are determined by the
cubic susceptibility, and expressions (5) can be used to de-

termine Re y® and Im y©:
cn,® An(ow) c’nt Aa(o)
Re y® =_° 3 =0
ex (o) 4l Im 3 (o) Sol. (6)
where
_cn(,IEﬁ,]2

2n

is the intensity of the monochromatic wave. When the mea-
sured An and Aa spectra are used in (6), it becomes neces-
sary also to determine the corresponding spectrum 7,,. The
latter is of course not the same as the spectrum of the laser
light used in the experiments. It must instead be calculated
by an approach which leads to the changes An and Aa ob-
served experimentally under the conditions of the steady-
state self-effect. Nonlinear changes in a and n are caused by
the excitation of a certain number of electron-hole pairs Nin
a microcrystal [we wish to stress that we are talking about
resonant dynamic (!) nonlinearities], so the 7, spectrum
can be found from the kinetic equation
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dN _ 1.1-T(w)-r) N
dat Aw dN ., T

(N

In the steady state we have

Nhaw dN .,
(=T (e)-r)’
where N,, is the concentration of microcrystals
(N,, = &/V,,, where £ is the concentration by volume of the
semiconductor, and V,, is the volume of a microcrystal), 7,
is the lifetime of the nonequilibrium electron-hole pairs
when all possible recombination mechanisms are taken into
account, and

T(0)=Ty(0) (1+DT(w))

is the transmission spectrum of the excited sample. All the
spectra (Aa(w), An(w), and I, which appear in expres-
sions (6) for Re y* and Im y» can thus be expressed in
terms of the experimental 7, (4) and DT(A) spectra.

There are some points which need to be kept in mind
when the procedure outlined above is used to calculate non-
linear-susceptibility spectra. As we mentioned earlier, the
initial expressions, (6), are valid only for small changes in
and n, i.e., under conditions such that the cubic nonlinearity
is predominant. These expressions therefore cannot be used
at small delay times A¢, which correspond to large changes in
the transmission and even to a gain regime, which is unat-
tainable in principle under self-effect conditions. In practice,
the Re ¥ and Im y* spectra were calculated through the
use of the DT(A) spectra, which show no evidence of gain.
The changes in transmission were localized in the region of
the transition between the first quantum-well levels.

A determination of absolute values of the nonlinear sus-
ceptibilities by the method outlined above presupposes the
use of such parameters of the excited electron-hole system as
the total number N, of electron-hole pairs, and the carrier
lifetime 7,. The time 7, is apparently close to the measured
relaxation time of the integral fAa(4)dA, which is propor-
tional to the total number of photoexcited carriers. The val-
ue of N can be found on the basis of the following consider-
ations. At large values of At, at which the nonlinear changes
in transmission are caused by a filling of the first quantum-
well levels in the valence and conduction bands (these are
the spectra which were used to calculate the nonlinear sus-
ceptibilities), the total number of electron-hole pairs in a
microcrystal, N (N = 2n° = 2n", where n°and n" are the oc-
cupation numbers of the low-lying levels), can be deter-
mined from the change in the absorption in the peak 4, (or
A1) found experimentally: Aa = a,(n°+ n") =a,N.
Hence, N = Aca/«a,.

Figure 4, a and b, shows Re y*’ and Im y® spectra
found for samples 1 and 2 by the method outlined above. In
an earlier study, Roussignol ez al.'* pointed out that there
was no resonance structure in the nonlinear-susceptibility
spectra. In contrast, our own spectra are clearly resonant.
The reason lies in the presence of a clearly defined discrete
structure in the DT (A) spectra. As in the case of the ordi-
nary saturating two-level system,'® the values of Re y* at
frequencies below the resonant frequency are negative, while
those above the resonant frequency are positive. The Im y®’
spectrum lies entirely in the region of negative values. This
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FIG. 4. Spectra of the real part (solid line) and imaginary part (dashed
line) of the cubic susceptibility y* (1) for samples 1 (a) and 2 (b).

situation corresponds to a predominant role of the bleaching
effect. The amplitude values of the real and imaginary parts
of the cubic susceptibility are comparable in magnitude,
about 610 ~ 8 esu in the case of sample 1 and 7-10 ~ ' esu for
sample 2.

We can work from the spectra of the nonlinear suscepti-
bilities to determine other nonlinear-optics parameters of
these materials, e.g., the nonlinear refractive index n, and
the saturation intensity /., [determined from the condition
Aa(I=1,) = a,/2]. For sample 1, the amplitude values of
n, are 3.3-10~7 cm?*/kW (A = 649 nm) and —0.9-10 "’
cm?/kW (A = 680 nm). The minimum value of I, is about
0.1 MW/cm? (A = 658 nm).

The values found for the nonlinear susceptibilities are
well below the values characteristic of bulk CdSe crystals. In
astudy of the saturation of exciton absorption in CdSe (at 80
K), Zimin et al.'” found I, = 30 kW/cm?. This figure corre-
sponds to an Im y* value of about 10 ~* esu, several orders
of magnitude higher than y* for sample 1. However, the
nonlinear parameters determined in the present study were
calculated per unit volume of the doped glass, only a small
fraction of which consists of the nonlinear material (£ is
about 0.1%). The nonlinear susceptibilities per unit volume
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of the semiconductor of these samples are larger by a factor
of 1/&. In the case of sample 1, they reach values of about
10 ~* esu, close to the corresponding values for a bulk semi-
conductor. The pronounced decrease in the nonlinear sus-
ceptibilities in the case of sample 2, with smaller microcrys-
tals (this decrease stands in contrast with the increase in the
nonlinearities which was predicted in Ref. 6), is apparently
due to a sharp reduction of the carrier lifetime (from 2 ns for
sample 1 to 60 ps for sample 2).

Let us use our level-filling model to estimate the nonlin-
ear susceptibilities of the semiconductor microcrystals. In
the case of an independent quantization of the electron and
hole energies (in small-radius microcrystals), transitions
between states of the valence band and states of the conduc-
tion band with identical sets of quantum numbers (/,n) are
dipole-allowed. The dipole matrix elements of such transi-
tions are the same. They are also equal to the matrix element
d; (i is the index of the valence subband) of an interband
transition in a bulk semiconductor.” The susceptibility of an
excited sample in this case (with inhomogeneous broaden-
ing ignored) can be written

2(21+1) (n, s Hni,—1)

how)=N,, d;|*
X( m) ZI I (hm_Ei,l,'n)+iﬁFi,l,n ’

iln

(8)

where T';,;, is the homogeneous linewidth for a transition
between two separate quantum-well levels in the valence
band and the conduction band. Under the assumption of a
quasiequilibrium Fermi distribution, the occupation
numbers n¢, and n/,, are determined by the electron tem-
perature of the electron-hole system and by the total number
of photoexcited carriers, N. At moderate excitation levels,
carrier heating can be ignored, and 7, can be set equal to the
lattice temperature. The value of N can be found from the
kinetic equation discussed above, (7). In the case of steady-
state excitation, that equation gives us

Ta(0)le 27 |Imy(0) [
hoN, AN,

N= |E.|* €))
Equations (8) and (9), along with conditions (4), which
determine the electron and hole chemical potentials, can be
solved by successive approximations. The susceptibility of
the excited sample can thus be calculated with the desired
accuracy.

To determine the cubic susceptibility it is sufficient to
consider the case of excitation levels at which the filling of
only a pair of low-lying quantum-well levels is important. In
this case the induced change in the susceptibility,
Ay = ¥ — xo (X, is the linear susceptibility ), can be written

|d4|*2N

- 0
" (ho—E,)+iAl, ’ (10)

Ax(ho)=N
where E, = E,,,,and ', =T, [in (10), we have made
use of the circumstance that when only the low-lying levels
of the valence band and the conduction band are filled the
corresponding occupation numbers n° and n” are equal to
N /2]. Using the linear value of the susceptibility, y,, to de-
termine N [see (9); this is the first step of a successive-ap-
proximation procedure], we find

4|da|te| Tm x|

2 11
" Al (ha—Eo) tinrg] el (b

Ay(ho)=N
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and thus
8|da|*t.T,

%% (ho) = i
Voo [ (Ao—Eo)*+1°T ' [ (ho—E,) +ihT,]

(12)

In (12) we have considered only the first resonance of
Im y,, since the denominator in (11) greatly reduces the
contributions of the other resonances. In addition, the factor
N,, is written as the ratio £ /V,,, in order to stress the strong
dependence of y*® on the volume of an individual micro-
crystal (y* «1/V¥,,). Consequently, in the case of small
microcrystals (in which the exciton correlations are negligi-
bly small), nonlinear susceptibilities increase rapidly with
decreasing microcrystal radius (as 1/R ?) if the concentra-
tion by volume of the semiconductor, £, remains constant.

For comparison with experiment, we use the amplitude
value |Im y®|. From (12) we have

§ 8ldil'r

I it max = T
[ Tm | Vo AT,

(13)
For sample 1 we have 7, = 1.7 ns, R =6 nm, £ =0.1%,
#ily =1.2-10" " erg (A, = 3'/2AE /2, where AE is the
distance between the extrema in the Re y *’ spectrum), and
d, =2.4-10" " esu (for the oscillator strength of the exci-
ton transition averaged over the polarization,'®
(f4) =15-10""7). We thus find |Im y®| =3-10"" esu.
This result is slightly higher than the experimental value,
which is about 6- 10 ~® esu. Note, however, that inhomogen-
eous-broadening effects, which were ignored in the deriva-
tion of (12), will reduce the calculated values of the nonlin-
ear susceptibilities. It follows in particular that we should
apparently use not the total concentration by volume of the
microcrystals in (12) but only the concentration of “work-
ing” microcrystals, which is smaller by a factor of about
I'y/T; (T; is the width of the inhomogeneous-broadening
band). Using (13), we find the following expression for the
ratio of the cubic susceptibilities of samples 1 and 2:

3)
lIm A1 |max _ §171F022R23
| Tm Xl:) | mos gl R

It follows from this result that, despite the improvement in
the values of >’ due to the smaller radius of the microcrys-
tals, the sharp reduction of the carrier lifetime and the in-
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crease in the broadening [ in the case of sample 2 lead to a
resultant decrease in the cubic susceptibility, by a factor of
nearly 60 (&, /&, isabout 2). This conclusion agrees with the
experimental data (where we find the ratio of the measured
values to be approximately 70).

In summary, we have used methods of nonlinear picose-
cond spectroscopy to successfully detect transitions between
several pairs of quantum-well levels in semiconductor mi-
crocrystals (quantum dots). The results of measurements of
the nonlinear transmission spectra have been used to deter-
mine the spectra of the real and imaginary parts of the cubic
susceptibility. We have detected a decrease in the size of the
nonlinearity with decreasing size of the microcrystals, due
primarily to a sharp decrease in the carrier lifetime.

D D. K. Okorokov and the present authors have recently detected lasing
in sample 1, from which an optical cavity had been fabricated.
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