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Broadband absorption dominates in the energy range below the free excitons in CdS, being enhanced
with increasing concentration of shallow impurities. This absorption is bleached under high-excitation
conditions which results in a strong induced transmission. A further increase of the excitation density

yields counteracting induced absorption. The characteristic experimental data are sensitively dependent
on the impurity concentration, a fact which is well known in experiments using In-doped samples. The
non-linear transmission behavior can be explained by a model of neutralization of ionized impurities and
interaction of the created free carriers with photonic polaritons. The experimental data can be described
in a very simple three-level system. It is most important to state that a satisfactory fit to the experimen-

tal data is obtained only if acceptor —conduction-band, two-step, and two-photon transitions, as well as
free-electron scattering, are all taken into account. The results of excitation-wavelength- and

temperature-dependent measurements underscore this interpretation.

I. INTRODUCTION

In recent times, the optical properties of wide-band-
gap- II-VI semiconductors became interesting for appli-
cation in nonlinear optical devices in the visible and
near-uv light energy range. CdS is one of the most prom-
inent and best investigated materials in this field. In this
compound, processes such as exciton-exciton scatter-
ing, ' generation of biexcitons, '"' and electron-hole-
plasma formation' ' yield a. strong variation of the ab-
sorption coefficient a and the index of refraction n, and
thus result in pronounced optical nonlinearities in the
band-gap regime under high-excitation conditions.

However, all these mechanisms are of intrinsic nature
and do not allow for a systematic variation of the charac-
teristic data of the related nonlinearities. However, it is
precisely this feature that is desirable in applications. As
a consequence, it should be promising to deal with
impurity-induced nonlinearities whose characteristics can
be varied by changing the kind of impurities or their con-
centration. Dagenais and Sharfin ' found the donor-
bound-exciton absorption in CdS to be bleached under
resonant cw excitation. The saturation intensity for this
effect was determined to be about 58 W/cm . This
bleaching of absorption, i.e., the change of a results in a
corresponding variation of n, as well.

Similar results were obtained under resonant excitation
of acceptor-exciton complexes in CdS by light of a pulsed
laser. ' The corresponding absorption line l& vanishes

for excitation densities larger than 150 kW/cm. This
effect could be used for the realization of optical bistabili-
ty due to bleaching of absorption. ' In previous publica-
tions we reported on broadband induced transmission
and absorption in the energy range between the free exci-
tons and the green edge luminescence of the donor-
acceptor-pair transitions in CdS. "' This effect, which
was originally observed in not intentionally doped CdS
crystals of different thicknesses, was explained as a com-
position of the neutralization of ionized acceptors and the
interaction of free carriers with photonic polarization.

However, a detailed and quantitative analysis of the
processes involved could not be presented at that time. It
is the purpose of this paper to discuss a suitable model in
terms of a three-level system involving the valence band,
the acceptor levels, and the donor conduction band. Ad-
ditionally, we take into account intraband transitions
within the latter bands. This is a somewhat simplified but
very useful description of the real situation in these ex-
periments. As a consequence of these model considera-
tions, it is easy to understand that a strong enhancement
of the induced transmission in the whole energy range
would be observed if the crystals were doped with shal-
low impurities like In, I, or Na. This o5'ers the opportun-
ity to regulate the strength of the variation ha of the ab-
sorption coefficient through the impurity nature and con-
tent. The suitability of these impurity-related non-
linearities for optically bistable operation is discussed in
Ref. 13.
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II. EXPERIMENTAL SETUP

Nonlinear transmission under high-excitation densities
was investigated in single-beam as well as in pump-and-
probe experiments. In the first case, a narrow-band dye
laser of high intensity, pumped by an excimer laser, was
used. The transmitted light was analyzed by a double
grating spectrometer and a bialkali photomultiplier.

For the two-beam experiments, two separate dye lasers
were synchronously pumped by the excimer laser, one be-
ing used as a broadband light source of low intensity
(1 —30 kW/cm, integrated over the whole laser-emission
wavelength range), the other as a narrow-band dye laser
of high intensity simultaneously exciting the sample. If
the probe pulse was delayed with respect to the pump
pulse (up to 500 ns, using optical fibers), the lifetime of
the nonlinear transmission effect could be determined.
To resolve any long-term components of the optical non-
linearities, a pulsed narrow-band dye laser of high inten-
sity and a cw Ar laser (488 nm) were used. The transmit-
ted Ar laser light intensity was detected by a photodiode
(t„„=1 ns) whose output signal was processed by a digi-
tizing oscilloscope. Induced changes of the cw transmit-
tance under pulse laser irradiation were measured in a
time-resolved mode, resolution limited by the rise time of
the detection system (photodiode and load resistance, 5
ns).

Experiments were performed at liquid-helium tempera-
ture (1.8 K) or in a continuous-helium-flow cryostat,
where temperatures between 4.4 and 60 K could be real-
1zed.

The investigated CdS samples were platelets of
different thicknesses (12 )um to 1 mm). Not intentionally
doped samples contained a background impurity concen-
tration of about 10' /cm. Doped crystals contained
shallow In donors or shallow Na acceptors at concentra-
tions ranging from 10' up to 5 X 10' /cm. These values
were roughly determined from the emission energies and
features of the bound excitons, being compared to the
measurements of Kukimoto et al. ' and the calculations
of Hanamura. '

WAVELENGTH (nm)

El c Sample d
CdS —3 1 mm
CdS-2 200pm
CdS —1 12 pm

2.535 2.540 2.545 2.550

To longer wavelengths, the transmittance weakly in-
creases and Fabry-Perot structures occur.

The 200-)Ltm-thick crystal (curve b) exhibits two sharp
absorption lines due to the generation of an acceptor-
exciton complex without (I, ) and with additional
creation of a transverse-acoustic phonon (I, +TA). For
energies below the I

&
transition, the transmittance in-

creases over a wide wavelength range. In contrast to the
case of the thin sample, the transmitted intensity is too
low for detection in the vicinity of the energy of the
donor-exciton transition I2 and above.

Curve c is the transmission spectrum of the undoped
1000-p-thick crystal. The transmitted light intensity was
too weak for detection for wavelengths shorter than 490
nm.

The inhuence of different dopant material and concen-
tration on the linear transmission spectrum of CdS is

ENERGY (eV)

FIG. 1. Low-density transmission spectra of three CdS sam-
ples of different thicknesses, 12 pm (CdS-1), 200 pm (CdS-2),
and 1000 JMm (CdS-3). I2 is the absorption of the donor-bound
exciton, I& that of the acceptor-bound exciton, and I& +TA its
phonon replica.

III. EXPERIMENTAL RESULTS

A. Linear absorption of pure and doped CdS crystals
C:

WAVELENGTH (nm)
510 500 490

A halogen lamp was used to characterize the linear
transmission spectrum of different samples in dependence
of crystal thickness and impurity concentration. The re-
sults are shown in Figs. 1 and 2 for the polarization Elc
of the transmitted light at 1.8 K. This polarization was
chosen since transitions between the uppermost I 9
valence band and the conduction band in CdS are ex-
clusively allowed for Elc, as are the ground-state transi-
tions of the free and bound excitons in this compound.
Figure 1 presents the transmission spectra in the energy
range of the bound excitons of three undoped CdS plate-
lets with thicknesses of 12, 200, and 1000 pm, called
CdS-1, -2, and -3. For the 12-pm sample CdS-1, a sharp
absorption structure I2 can be observed, which is due to
the creation of a donor-bound-exciton complex (curve a).

Elc CdS: In

2.L 5 2.50

ENERGY (eV}
2.55

FIG. 2. Low-density transmission spectra of doped samples.
Dopant concentrations are —10' /cm [(CdS:Na)-1, Na], —5
X 10' /cm [{CdS:In)-2, In], and —5 X 10' /cm' [(CdS:In)-3,
In].
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shown in Fig. 2 for a 20-IMm-thick Na-doped sample

[—10' /cm, sample (CdS:Na)-1] and two CdS:In crys-
tals of nearly equal thickness (700 and 800 pm) but
different In concentration [5X10' cm, (CdS:In)-2, and
5 X 10' /cm, (CdS:In)-3]. Na is known to be an
electron-acceptor and In an electron-donor material in
II-VI compounds. However, when doping CdS with
donors or acceptors, a large number of the opposite kind
of impurities is built in as well, what is due to the strong
self-compensation. Comparing the transmission spectra
of samples with similar thicknesses but different impurity
concentrations [see samples (CdS:In)-2 and -3], the range
of rapidly increasing transmittance shifts towards longer
wavelengths for increasing shallow impurity content.

B. Nonlinear absorption

1. Induced transmission

WAVELENGTH (nm)
488490

Under high-excitation conditions, strongly nonlinear
behavior of the absorption coefficient in the bound-
excitation region and below is observed in all undoped as
well as in the doped CdS samples. In two-beam experi-
ments, a nonlinearly increasing probe transmission signal
can be obtained for growing pump intensities (see Fig. 3
for the 1000-pm-thick undoped sample). Again, a polar-
ization Elc is chosen for the pump as well as for the
probe beam due to the transition rules in CdS (see Sec.
III A). A pump polarization E~~c leads to a much weaker
effect without yielding additional information. It is thus
only used if a reduced efficiency of the effect was desired,
especially when short pump wavelengths were used (e.g.,
see Figs. 6—8). The bleaching of absorption is best ob-
served on the long-wavelength side of the excitonic tran-
sitions, i.e., is mainly a bleaching of the broadband ab-
sorption mentioned above. It should further be noticed
that a bleaching of the bound-exciton absorption reso-
nances I, and I2 is practically not observed in pump-
and-probe experiments, which contrasts with the result of

resonant single-beam transmission. ' This is due to the
fact that there is no resonant excitation of the bound-
exciton transitions under observation in the two-beam ex-
periments. Thus the number of excited bound excitons
remains much smaller than in the one-beam case, staying
away from bleaching.

The initial unpumped absorption coefficient being mea-
sured for energies below the bound-exciton energy (see
Fig. 2) increases with growing impurity concentration
which yields a more pronounced bleaching contrast when
pumping is practiced. Additionally, the energy range of
strong bleaching of absorption is expanded to longer
wavelengths. Figure 4 shows the two-beam transmission
spectra of the two CdS: In samples of different dopant
concentrations [(CdS:In)-2: -5 X 10' /cm, (CdS:In)-3:
-5X10' /cm ]. The probe transmittance of the more
lightly doped sample CdS:In-2 is increased by two orders
of magnitude compared with the unpumped case if
pumped with light of 4.5 MW/cm at A, =495 nm. The
bleaching contrast is much larger than observed for the
undoped samples.

Pump-and-probe excitation spectroscopy. If the
transmitted light intensity of the probe laser is detected
at a fixed wavelength while the pump wavelength is
varied, one obtains a kind of "excitation spectrum" of the
nonlinear probe transmission. Figure 5 presents such
spectra. The probe transmission is recorded for fixed
spectrometer positions. The pump intensity amounts to
1.1 MW/cm . Induced transmission starts to be observed
for pump laser wavelengths shorter than that of the
donor-acceptor-pair transition at about 520 nm, smoothly
increasing for decreasing pump wavelength. An edge
marking the beginning of a steeper increase of the excita-
tion efficiency is found at 513 nm, which corresponds to
the onset energy of acceptor-conduction-band transi-
tions. The spectra are directly compared with an excita-
tion spectrum a of the donor-acceptor-pair (DAP)
luminescence recorded on its zero-phonon band at 518.5
nm and showing a striking similarity to spectra b -d.

Sharp excitation resonances are obtained in the
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FIG. 3. Probe transmission spectra of a 100-pm-thick sample
in a two-beam pump-and-probe experiment. Power density
values refer to incident pump light intensity (A~ =488. 1 nm).

FIG. 4. Probe transmission spectra of two In-doped CdS
samples for difFerent pump light intensities. (a) 4.5 MW/cm;
(b) pump density 1.5 MW/cm, k~ =495 nm; (c) CdS:In, In con-
centration -5X 10' /cm, unpumped; (d) 600 k%'/cm; (e)

pump density 300 kW/cm, A~=488 nm; (f) In concentation
-5X 10' /cm, unpumped. EfBcient bleaching of absorption is
obtained in both cases.
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PUMP WAVELENGTH (nrn)
530 520 510

ever, a distinct saturationlike behavior is obtained at 1.6
MW/cm . Similar results were obtained for thinner un-
doped samples whereas doped samples do not exhibit
such sharp excitation resonances in the bound-exciton re-
gion.

2.30 2.35 2.40 2.45

PUMP ENERGY (eV)
FIG. 5. Excitation spectra of the zero-phonon line 518.5 nm

of the donor-acceptor-pair (DAP) luminescence (curve a) and of
the induced transmission for Axed spectrometer positions 490
(curve b), 492 (curve c), and 497.5 (curve d) nm. All spectra are
recorded for a pump density of 1.1 M%'lcm' and at T= 1.6 K,
using the CdS:In sample CdS:In-2 of -5X 10' /cm In concen-
tration. S=(T—To)/To, T transmission with, To without
pump.

bound-exciton energy range only. Figure 6 shows the ex-
citation spectrum of the probe transmission of the 1000-
pm-thick sample, being detected at 489.305 nm, just on
the low-energy side of the acceptor-exciton transition I,
which is seen as a resonance of the induced transmission,
accompanied by a maximum at its phonon replica
I, +TA and by further maxima I1 known as transitions
into excited electronic states of the same acceptor-exciton

16—18complex. A roughly linear increase of the transmis-
sion is seen for pump intensities up to 400 kW/cm; how-
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I

489 488 487
I I I

CdS —2 d=200pm
F, lc, R, (jc

484.0nrn

2. Induced absorption

For thinner undoped samples, counteracting induced
absorption occurs at higher excitation densities. Figure 7
shows the development of the transmission spectra of a
200-pm-thick undoped CdS platelet under pump-and-
probe conditions. For pump intensities up to 135
kW/cm [shown in Fig. 7(a)], the above-described bleach-
ing of absorption in the spectral range between the free
excitons and the donor-acceptor-pair transitions (S20 nm)
is obtained (spectra only shown for A, (491 nm). For ex-
citation densities higher than 135 k%/cm, induced ab-
sorption becomes dominant over the efFect of bleaching
[Fig. 7(b)]. This broadband increase of the absorption
coefficient could be detected in the range between the
band edge and wavelengths longer than 800 nm. For the
highest pump densities applied (1.4 MW/cm ), the
transmission intensity on the long-wavelength side of the
I, absorption dip falls below the unpumped transmission
level.

The same e6'ect of a combination of bleaching and in-
duced absorption can be observed for a 20-pm-thick un-
doped crystal (not shown here). However, the intensity
at which induced absorption becomes dominant is
definitely lower. The transmission levels as function of
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FIG. 6. Excitation spectra of the induced transmission of an
undoped CdS sample of 1000 pm thickness at a recording wave-

length of A, T =489.305 nm. Pump densities 1.6 M%'/cm (curve
a), 400 kW/cm, (curve b), 300 kW/cm (curve c), 100 kW/cm
(curve d), and 2 k%/cm {curve e). The laser passing the spec-
trometer position at A. z is suppressed for clarity of the spectra.
For explanation of the resonance, see text.

ENERGY (eV)
FIG. 7. Induced transmission and absorption of a 200-pm-

thick, undoped CdS sample. Densities given refer to pump light
intensity. Up to 135 kW/cm, induced transmission is observed
(upper part of figure), whereas, for larger densities, induced ab-
sorption dominates (lower part, spectrum at 135 kW/cm is
reproduced for clarity).
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the pump intensity are depicted in Fig. 12(b) for samples
of very different thicknesses, being compared with model
calculations (see Sec. IV B).

Excitation spectroscopy. Excitation spectra of the non-
linear probe transmission for pump intensities being
sufficient to cause induced absorption were recorded for
the 200-pm-thick crystal (see Fig. 8). The pump intensity
was varied from 175 kW/cm up to 3.5 MW/cm . An in-
creasing absorption coefficient only occurs for pump laser
energies larger than the energy distance between the
donor and acceptor states, i.e., the donor-acceptor-pair
transition energy. This corresponds to the same energy
range for which, at lower pump densities, induced
transmission is detected (see Sec. III B 1). For increasing
excitation densities, minima occur at the spectral posi-
tions of the I, and I2 transitions.
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3. Temperature dependence

To gain more knowledge on the creation of induced
transmission and absorption based on the irnpurity-
related optical transmissions, it is worthwhile measuring
the temperature dependence of both phenomena. In Fig.
9, the normalized differential transmission signal [DTS:
S= ( r To )/Tc w—ith T transmission with and To
transmission without additional pump] of the transmitted
intensity for pump densities of 200 kW/cm (induced
transmission) and 1.6 MW/cm (induced absorption) is
compared with the normalized absorption A /Ao at the
I& energy as a function of temperature, with So and Ao
as DTS and I, absorption at 5 K, respectively. The
wavelength position of detection was shifted with respect
to the band-gap shift with increasing temperature so that
a constant distance of the detection wavelength to the
gap wavelength was obtained at each temperature value.

489
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Z, lc E, iic
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2.53 2.54 2.55 2.56

ENERGY (ev}
FIR. 8. Excitation spectra in the pump density range of in-

duced absorption for the 200-pm-thick, undoped sample at a
probe wavelength of A, &=487.9 nm. Dotted line refers to the
transmission level at A, z- without pump. Laser passes spectrome-
ter position at A, & and is suppressed for clarity. Note that for
A, &487.5 nm, the absorption level for highest pump densities
falls below the unpumped level.

FIG. 9. Temperature dependence of induced transmission,
induced absorption, and of the low-density I& absorption. (For
pump densities, see the text. ) For the erst two cases, the nor-
malized differential transmission signal S/So, S=(T—To)/To,
where T is transmission in the pumped and To in the unpumped
case, is given; for I&, A /Ao as normalized absorption, with So
and Ao as values at 5 K.

In agreement with previous data, ' the I& absorption
vanishes at about 30 K while the induced transmission
ratio increases for temperatures up to 10 K. It is smooth-
ly reduced for further elevated temperatures but still per-
sists up to 80 K. In recent investigations, induced ab-
sorption was even observed at room temperature. '

4. Delay experiments

Delay experiments were performed to determine the
lifetime of the strong nonlinear transmission effects. For
the probe pulse delayed with respect to the incident
pump pulse, the delay time At was determined as the time
interval between the maxima of both pulses. The DTS as
a function of ht was calculated from the spectra with
(transmitted probe intensity Ir) and without additional
pumping (Io). The result for induced transmission (DTS
positive) is given in Fig. 10 for a 5-pm-thick slightly but
unintentionally doped sample CdS-4 at a detection wave-
length of A, =488 nm. Solid lines represent data obtained
by the cw modulation technique for different pump inten-
sities where the DTS as a function of time is directly visi-
ble as trace on the storage scope screen. Squares
represent data obtained from a ns pump-and-probe tech-
nique with the time delay of probe to pump pulse as
abscissa value. Beginning at zero delay, the DTS grows
and reaches a rnaxirnum value at At =40 ns. The follow-
ing decrease of the positive DTS is of hyperbolic nature,
i.e., is described by a bimolecular recombination. The
time after which the DTS is reduced to half the max-
irnum value is about 150—200 ns. It could be shown that
an increasing concentration of shallow impuritiess like In
or Na results in a slight reduction of the decay time.
However, exact data for different dopant concentrations
cannot yet be obtained.
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FIG. 10. Time evolution of induced transmission at A, T =488
nm of a 5-pm-thick, not intentionally doped CdS sample with
considerably large impurity background concentration. Full
lines give the development of cw modulation signal for a pump
wavelength of 484 nm and densities 68 (curve a), 136 (curve b),
270 (curve c), 680 {curve d), and 1300 {curve e) kW/cm.
Squares are obtained from pump-and-probe delay experiments.
For details and explanation see text.

IV. DISCUSSION

A. The model

The occurrence of low-density broadband absorption
on the long-wavelength side of the I2 donor-bound-
exciton line as well as its strong bleaching for higher 1aser
intensities can be explained in a model of neutralization
of ionized acceptors.

In general, not intentionally doped CdS contains a
large number of shallow acceptors and donors
( —10' /cm to 10' /cm ). In this paper, In- and Na-
doped samples (10' up to 5 X 10' /cm ) were also inves-
tigated. Because of the n-type character of CdS, the con-
centration of donors is always larger than that of accep-
tors even for intentional doping with p-type material.
Thus all acceptors are ionized as long as no external exci-
tation takes place. An equivalent number of donors is
ionized, as well.

If the samples are irradiated by light with a photon en-

ergy larger than the energy distance between the acceptor
states and the conduction band, electrons are excited
from the acceptor states into the conduction band, i.e.,
the acceptors become neutralized. This electronic transi-
tion is responsible for the broadband absorption which is,
consequently, observed between the free-exciton energies
and the acceptor conducti—on-band transitions (513 nm at
liquid-He temperatures). For longer wavelengths, the en-
ergy of the incoming photons is no longer sufficient to
create free carriers. In this spectral range, the crystals
become highly transmitting. If, for increasing excitation
density, the number of ionized acceptors decreases, the
absorption coefficient due to the neutralization of ionized
acceptors becomes smaller.

As was demonstrated in Fig. 5, the excitation spectra
of the impurity-related absorption are very similar to that
of the donor-acceptor-pair transitions (green edge
luminescence), pointing to the same excitation mecha-

nism (see also Ref. 17). This is to be expected since the
neutralization of acceptors by acceptor —conduction-band
transitions, i.e., the aforementioned absorption, and the
subsequent capture of the excited electrons by donors is
the basis for the latter DAP transitions. The decay time
being in the several hundred ns range, which was ob-
tained from the delay measurements, results from the life-
time of the neutralized acceptors. This value is different
from that given in Refs. 20 and 21, where ~-10 —10
s was determined from time-resolved measurements of
the green edge luminescence at 77 K.

The difference may be due to the lower temperature
and to a higher concentration of shallow impurities in
our samples. The latter argument is supported by the ob-
served decreasing decay time for growing impurity con-
tent.

Main evidence for a strong correlation of the shallow
impurities and the broadband absorption is given by the
concentration-dependent measurements. If the samples
are doped with Na, which is known to be an electron-
acceptor material in CdS, the absorption coefficient in-
creases in the considered spectral range since the proba-
bility of acceptor —conduction-band transitions grows
with increasing number of initial states (shallow accep-
tors). The same behavior was even observed if CdS was

doped with an electron-donor material, e.g. , indium. Be-
cause of the strong self-compensation, the concentration
of shallow acceptors increases for growing In content, as
well. As a further interesting result of the experiments
on In-doped samples, the increase of the initial (un-

pumped) absorption with In concentration turned out to
result in a more pronounced bleaching contrast in corn-
parison to undoped samples (Fig. 4). This is due to the
fact that the impurity-related absorption drastically in-
creases with growing acceptor concentration, allowing
for an enhanced bleaching efficiency ratio.

The effect of induced absorption, which was only
detected in thinner, undoped samples under ultrahigh-
excitation conditions, can be understood as interaction of
photoexcited free carriers with incoming photons, i.e.,
photon-induced intraband transitions or scattering pro-
cesses. Consequently, induced absorption was even
detected at very long wavelengths like 800 nm (see Sec.
III B2). This nonlinearly increasing absorption strongly
depends on the number of occupied states in the conduc-
tion band. Electrons are not only excited into the con-
duction band via the above-mentioned neutralization pro-
cess of ionized acceptors but also by two-step processes
via the resulting neutralized acceptor states, and by two-
photon transitions directly from the valence into the con-
duction band.

As a consequence, any attempt to describe the non-
linear transmission behavior in total must consider a
model involving all transitions, which are depicted in Fig.
11. Besides the excitation channels, recombination has to
be taken into account. In particular, the conduction-
band —acceptor and the conduction-band —valence-band
recombination leads to a reduction of the free-carrier
concentration which is additionally varied through elec-
tron diffusion being strongly correlated with the thick-
ness of the samples.
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number of
states: N

Wq W3

l&

JL

these bands. In contrast to that, the concentration of
neutralized acceptors strongly varies with time and inten-
sity. (I/iru0)W& gives the two-photon transitions from
the valence into the conduction band with 8'3=w3P,
with w3 the two-photon transition probability, and
(I/fico) the number of photons per pulse (15 ns). n W4 de-
scribes the photon scattering at free electrons in the con-
duction band with probability 8'4.

To determine a;, a calculation of the time-resolved
number n of conduction-band electrons and of a in their
dependence on the incoming intensity is necessary. Thus
we establish the rate equations (2) and (3).

W2
number of
states: P

7$ 73

da I n I a=W P +——8'a
dt fico

2 1
flCO 7 2

2
dn I I n

a +W3
%co Pleo rd

(2)

(3)

FIG. 11. Term scheme of transitions taken into account. P is

the number of the relevant valence band, A of the acceptor, and

Sof the conduction-band states. For description of the depict-

ed transitions, see text.

B. The model calculations

Assuming the model shown in Fig. 11 to be valid, we
calculate the impurity-related absorption coefficient a;
as described in Eq. (1).

a; -aW, +PWz+(I/fuu)Wz+nW4 .

a and n are the numbers of electrons in the acceptor
states and in the conduction band, while P represents the
number of states in the valence band within a small ener-

gy range, which is given by the spectral width of the ex-
citing laser (about 0.1 meV). The third term exhibiting a
direct dependence of a on the light intensity I takes into
account the two-photon transitions.

The first term a W, represents the acceptor—
conduction-band transitions. The factor W& =w&X, with

w& the transition probability, contains the number of final

states, X, taken as the number of states accessible in the
conduction band. The second term gives the transitions
from the valence band into neutral acceptors. 8'2 is not
a constant and involves A —a as the number of neutral-
ized acceptors with 3 the total number of acceptors and
a the number of electrons bound to acceptors. With w2
as transition probability of the valence-band —acceptor
transition, it reads Wz = ioz( A —a ).

Donor states are omitted in this term scheme since the
excitation energies are mostly chosen too small to get
direct transitions from the valence band to donors, and
since acceptor-donor transitions have such low probabili-
ties that they can be neglected under the given experi-
mental conditions.

We assume the numbers of active initial states in the
valence band (P) and accessible final states in the conduc-
tion band (%) to be constant. This is justified because of
the very fast relaxation time (fs) of the carriers within

7 ), 72, and r3 are effective recombination "times" involv-

ing the recombination coefficients v
& 2 3 and the number

of final states of the decay processes. Thus they read
r, =r', ( A —a ) ', rz =rz(P —p) ', rz =r'z(P —p) ', with

p the number of electrons in the valence-band states P un-
der consideration. The last term in Eq. (3) represents the
diffusion of the free carriers in the conduction band,
where the diffusion time constant ~d is the characteristic
time of carrier diffusion off the excited spot of a given di-
ameter. For quantitative values, see below.

Finally, the equation of neutrality is necessary to solve
numerically the system of the coupled differential equa-
tions (2) and (3).

The calculated values of a and n in dependence of the
incoming light intensity are used to obtain a; as a func-
tion of I. The light propagation in an absorbing medium
has to be calculated in the limits of the crystal thickness
(d) to determine the transmitted light intensity.

= —a; (I)I~"=() .
x=O

(4)

Because of the intensity dependence of the impurity-
related absorption coefficient (a; ), Eq. (4) was numeri-

cally solved, as well.
In all calculations, the experimental shape of the in-

cident light pulse was put up to enter the equations.
After calculation of the numbers of free carriers (n), ion-
ized acceptors (a), as well as of a;, a transmitted laser
pulse shape Ir(t) was determined. Then, Ir(t) was in-

tegrated over time, allowing for a direct comparison of
the theoretical and experimental results.

Calculations were performed for samples with an as-
sumed (acceptor) impurity concentration of a =10' /cm
corresponding to not intentionally doped crystals. The
number of accessible states in the valence and conduction
bands was assumed to be equal for simplification,
N=P =4X10' cm . According to the reasonable as-
sumption of ~, =10 s, ~2=10 s, and v3=10 ' s, the

values were set as ~', = 10 s cm, rz= 10 s cm, and
~&=10 s cm as starting values for the full incident in-
tensity at the sample surface (d =0). Wi =2X10 9 s
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and 8'2=10 ' s ', expressing just a difference of the
transition probabilities of both excitation processes (see
Fig. 11) by a factor of 20, resulted in the best agreement
of fit and experimental data whereas the two-photon ab-
sorption process with 8'3=10 ' s 'cm is weak for
low light intensities but strongly increasing with I . 8'4
had to be assumed to be 8'4=5X10 s ', giving strong
intraband excitation, ~&=3X10 s corresponds well to
carrier drift velocities like U =2.5X10 cm s ' (Ref. 22)
ofF a spot of 0.1 mm radius. The thickness values enter-
ing the equations were 20, 200, and 1000 pm, which are
exactly those of the three samples being systematically in-
vestigated in the pump and probe experiments (see Sec.
III). The results of the calculations are shown in Fig.
12(a) presenting the transmittance t -Ir/Io as a function
of the excitation density Io for the three samples (20, 200,
and 1000 pm), all assumed to exhibit the same impurity
concentration Th.e thinnest sample (20 iLi,m) exhibits a
weak bleaching of the initial absorption only and strong
induced absorption for laser densities beyond 10
kW/cm . The 200-pm-thick crystal shows a more pro-
nounced induced transmission lasting until excitation
densities being one order of magnitude larger than for the
thin crystal. Increasing absorption sets in at about 100
kW/cm . For the 1000-)Li,m-thick sample, induced
transmission occurs even for intensities up to 10
MW/cm . These calculated curves fit well to the experi-
mental results which are presented in Fig. 12(b). The
whole development of the transmittance t as a function of
light intensity Io and thickness d at an acceptor concen-
tration of 10' /cm is shown in Fig. 13 in a three-
dimensional presentation. For very low intensities, the
transmittance simply decreases for increasing d. Grow-
ing pump intensity Io results in increasing transmittance

for each thickness value, however, this increase is weak
for the thinnest samples due to the large initial transmis-
sion value. It is the more pronounced the thicker the
sample, i.e., the lower the initial transmittance at IO=O.
The maximum of induced transmission shows a slight
low-Io shift for d between 1 and 20 pm. This is due to
the fact that the total number of active excited carriers
yielding eScient absorption behavior remains small in
very thin samples even for large carrier densities per cm.
For increasing thickness, this number grows even for
constant incident intensity. However, for samples thick-
er than 20 pm the transmission maximum drastically
shifts to larger Io, as is expected from the above-
mentioned arguments. Now, the longitudinal intensity
profile does not allow for a high free-carrier density
through the whole sample volume for reasonable
incident-intensity values. The valley of induced absorp-
tion is no longer reached even for Io& 10 W/cm if sam-
ples are thicker than about 500 pm. This simulation of
the experimentally found facts works so convincingly
that the applicability of the model is underscored in spite
of the rough transition scheme used and depicted in Fig.
11. As a consequence of the fact that the range of in-
duced transmission shifts towards higher-excitation den-
sities with increasing sample thickness beyond 20 pm,
corresponding to the growing number of relevant impuri-
ties (acceptors), an increasing impurity concentration
should lead to a development going into the same direc-
tion. As a comparison with the results obtained for the
In-doped samples, calculations of the transmission for
varying acceptor concentration were performed. Figure
14 shows the transmittance as a function of Io for two
different acceptor concentration values. The theoretical
results [Fig. 14(a)) do not fit the experimentally obtained
development very well [Fig. 14(b)], but the model gives a
qualitatively correct description of the concentration
dependence. The deviations may be due to the neglect of
donors as trap states as well as of the influence of the im-
purity concentration on the transition-probability-related
factors 8', to 8'~ and ~, to ~&. Concerning the time-
dependent measurements depicted in Fig. 10, the hyper-
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FIG. 12. Calculated (a) and measured {b) induced transmis-
sion and absorption of three samples of considerably different
thickness as function of the incident pump intensity Io. t,
transmittance.

FIG. 13. Three-dimensional presentation of transmittance t
as function of pump intensity Io and sample thickness d. For
explanation, see text.
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t =0, i.e., at the time of the pump pulse peak. However,
relaxation of bleaching is the long-term process only, as
was seen in Fig. 10. The short-term increasing branch of
the DTS can be described by taking into account the re-
laxation of induced absorption which is only strong for
large numbers n of conduction-band electrons, i.e., for
short times after the pump pulse. This complex behavior
and the possibility of determining transition probabilities
from the time-dependent data are planned to be exten-
sively discussed in a future paper. '

V. SUMMARY AND CONCLUSIONS

(W/cm )

CdS
6= 1mm
10"cm-' go

dS:In —2
=700@,m
x10t7cm '

10' 10' 10' 10'

bolic decay is excellently fitted if the DTS S is assumed to
be proportional to the time-dependent density of non-
occupied acceptors as final states of the electron recom-
bination from the conduction band, for which, at low
densities, n = A —a.

S-A —a,
d( 2 —a )/dt =(1/ri)( 2 —a )

with the solution

(Sa)

(Sb)

( 3 —a) = ( 3 —a )o/[( 2 —a )ot /st+ 1], (Sc)

where ( A —a )o is the number of unoccupied acceptors at

r, (W/cm)

FIG. 14. Transmittance t calculated (a) and measured (b) as a
function of pump intensity for two samples of different impurity

concentration.

In conclusion, we investigated the broadband absorp-
tion in the near-band-edge region of CdS which is strong-
ly correlated with shallow impurities. This absorption is
bleached under high-excitation conditions, and the
bleaching contrast increases with increasing impurity
content, i.e., increasing impurity concentration or sample
thickness. For highest laser intensities, a counteracting
induced absorption was observed in thinner, not inten-
tionally doped crystals. This behavior can be explained
in a model of neutralization of ionized acceptors and of
the interaction of free carriers with incoming photons.
Free carriers are generated by the neutralization process,
two-step transitions via neutralized acceptors, and two-
photon excitation. In model calculations we are able to
fit our experimental data using this model. The descrip-
tion of the experimentally found behavior in dependence
on sample thickness d and pump intensity works excel-
lently within the model, however, this is only true if all of
the above-mentioned excitation and scattering processes
are taken into account. Some deviations to the experi-
ment are obtained for the evaluation of the impurity con-
centration which may be overcome by considering the
donors as trap states. The suitability of these nonlineari-
ties to obtain pulse narrowing in heavily doped crystals is
treated in Ref. 13; the resulting occurrence of optical bi-
stability is critically surveyed in Ref. 23.
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