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Time-resolved luminescence measurements of CdS:In crystals in the near-band-gap region are
presented for a wide range of indium doping levels, i.e., for concentrations between 10 and 10
cm . Interactions of the indium dopants lead to a broad luminescence band near the band-gap
energy and alter the luminescence dynamics. A decrease of the lifetimes of both donor and acceptor
bound exciton complexes is observed at medium doping levels (10 —10 cm ). This is explained by
the reduction of the efFective binding energies leading to shorter decay constants of these complexes.
The decay of the donor-acceptor-pair recombination luminescence is also investigated for indium
concentrations below the Mott density. A statistical model proposed by Thomas and Hop6eld is
used to determine the electronically active impurity concentration. At higher doping levels (up
to 10 cm ) the degeneracy of the conduction band leads to a luminescence band attributed to
radiative non-k-conserving band-to-band transitions. The measured lifetimes reaect the number
of occupied states in the conduction band and the number of free states in the valence band. A
nonexponential fit reveals the concentration of electronically active impurity centers. A correlation
between photogenerated and doping-generated carriers is established for high excitation densities.

I. INTRODUCTION

Wide-band-gap II-VI materials became of extreme in-
terest since the reproducible fabrication of highly p-
doped epitaxial structures has been realized recently.
Based on these materials, new prospects are opened for
technical applications such as short-wavelength lasers
and detectors. However, the most eKcient application
of fast nonlinear emission, transmission, or reflectivity
switching processes requires a detailed knowledge on the
physics of heavily p- or n-type-doped II-VI compounds.
To clear up these problems thorough studies on the lin-
ear and nonlinear optical properties and, in particular,
on the dynamics in these materials are necessary. Up
to now, only a little information about the influence of
high doping concentrations on the electronic processes of
semiconductors existed. One of the 6rst materials which
has been investigated in the highly doped regime was
CdS:Cl. With increasing chlorine doping concentration
a strong broadening of the excitonic structures and the
luminescence of the donor-acceptor-pair (DAP) recombi-
nation is observed. 2 ' The broadening is explained by a
decrease of the binding energy of the bound exciton com-
plex. Hanamura calculated the screening of the Coulomb
interaction due to localized donor electrons. The screen-
ing decreases the bound and free exciton binding energy
and thus increases the I2 emission energy. Additional
information on the optical properties of highly doped
semiconductors is obtained from studies of the donor-
acceptor-pair recombination luminescence. Colbow has
discussed the decay in a model for exciton recombina-
tion giving a lower limit of 2.4 ns for the recornbina-
tion time. Thomas et al. performed time-integrated and
time-resolved measurements showing a reduction of the
decay time with increasing doping concentration and ex-
plained the development in a statistical approach by the
reduction of the mean distance between donor and ac-

ceptor ions. The interaction between the host material
and the dopants drastically changes the optical properties
of the semiconductor. Doping concentrations above the
Mott density lead to a degenerated semiconductor, i.e.,
the transition &om the semiconducting to the metallic
phase is observed. Now non-k-conserving band-to-band
transitions are the origin of the blue near-band-gap lumi-
nescence. According to the model of Kane, the conduc-
tion band degenerates. The density of states extends sig-
ni6cantly below the undisturbed conduction-band energy
and the Fermi level increases. Recently, comprehensive
works on CdS:In concerning the drastic changes in con-
duction and emission ' ' with growing indium concen-
tration have been published. Preliminary studies on the
dynamical behavior of the near-band-gap luminescence
have been published.

In the present paper, more detailed and quantitative
work on the dynamics of heavily doped CdS:In is pre-
sented. The explanation of the radiative recombination
dynamics yields an understanding of the involved elec-
tronic recombination mechanisms as well as their de-
pendence on impurity concentration and excitation den-
sity. Time-resolved luminescence measurements are in-
troduced as a standard technique to determine the impu-
rity concentration in II-VI semiconductors (bulk material
as well as epilayers) for a wide range of concentrations.
We will demonstrate that, in dependence on the doping
concentrations, three main photoluminescence processes
influence the dynamics: the donor-acceptor-pair lumines-
cence (part I in Fig. 1), the bound exciton recombination
(part II in Fig. 1), and the band-to-band transition (part
III in Fig. 1).

II. EXPERIMENTAL TECHNIQUE

The investigated CdS crystals are grown by the
Frerichs-Warminsky method from the gaseous phase.
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The indium doping for the highest doping levels was
achieved during growth and the concentrations are de-
duced by atomic absorption spectroscopy. Smaller in-
dium concentrations were realized by covering selected
undoped CdS crystals with indium. The average thick-
ness of the indium layers varied between 2 and 200 nm;
the number of doping atoms at the crystal surface was
therefore 10 —10 cm . Subsequently, the crystals
were annealed for 20 h in vacuum at a temperature of
900 C. The doping concentration is calculated assuming
that all indium has diffused into the crystal. For the
luminescence measurements the crystals are immersed in
liquid He at 2 K. A synchronously pumped dye laser with
3 ps pulse duration and 1.9 MHz repetition rate excites
the samples with a maximum average output power of
100 mW at 2.65 eV. Coumarin 120 is used as dye per-
mitting a tuning range in the blue-green spectral range
(440—485 nm). The intensity is varied by neutral glass
filters for low excitation densities. Time-resolved lumi-
nescence measurements are performed with a subtractive
grating monochromator and a microchannel plate (MCP)
photomultiplier tube (PMT) using time-correlated sin-

gle photon counting. A resolution better than 10 ps for
rise and decay times is achieved by numerical deconvo-
lution of the luminescence transients with the apparatus
response.
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FIG. 1. Luminescence spectra for CdS:In crystals in de-

pendence on the indium concentration for low excitation den-

sities (I,„,=10 kW cm ). Indium concentrations are de-

duced from growth conditions. The letters A—G, attributed
to each curve, are used for all the 6gures.

III. EXPERIMENTAL RESULTS

A. Time-integrated luminescence

Figure 1 shows time-integrated luminescence spectra
at liquid helium temperature of CdS crystals doped with
indium at concentrations (N1„)between 10~7 and 10
cm . The lowest spectrum in Fig. 1 exhibits, in the
near-band-gap region (region II in Fig. 1), two lumines-
cence lines Iq, the radiative recombination of an exciton
bound to a neutral acceptor, and I2, the corresponding
recombination of an exciton bound to a neutral donor.
The energy position of the I2 line at 2.5460 eV corre-
sponds to a bound exciton complex formed at a substi-
tutional indium impurity on cadmium site. Interactions
between the impurity centers as well as the statistical dis-

tribution of doping atoms throughout the sample influ-

ence the linewidths of all radiative decays. Even indium
concentrations around 10 cm inBuence this lumines-
cence significantly; the linewidth is increased to 5 meV.
Shifts of several meV towards higher energies of the ex-
citon luminescence lines with increasing donor concen-
tration according to the theory of Hanamura mentioned
above are not observed in our samples for doping levels
below 5x10 cm

The development of the DAP recombination (region I
in Fig. 1) with increasing indium doping is similar to
that of the excitonic structures. The strong dependence
of the transition probability on the localization of elec-
trons to a specific donor, on one hand, and variations of
donor binding energy due to impurity-impurity interac-

tions, on the other hand, lead to broader luminescence
structures. A characteristic density, the Mott density, is
reached when the average distance between neighboring
impurity centers, i.e. , indium atoms, is comparable to or
smaller than the Bohr radius (a10" = 2.4 nm). Theoretical
calculations for CdS yield a density of NM tt ——1.6x10
cm 3, but experimental results ' demonstrate that
it is reached for Np„=5 x 10 cm . Above that density
donors and acceptors are ionized and consequently the
DAP recombination luminescence is no longer observed.
At the Mott density a phase transition takes place. The
donor states degenerate with conduction-band states due
to the screening of the Coulomb interaction. Instead
of excitonic and DAP recombination luminescence, now
non-k-conserving band-to-band transitions are observed.

CdS crystals with indium concentrations around
N~„——1x 10 cm and higher emit a broad asymmet-
ric luminescence band around the band-gap energy (re-
gion III in Fig. 1). For the highest indium concentration
(1 x 1020 cm s) the high energy edge of the observed lu-

minescence band is observed at 2.612 eV at 2 K. ' This
is about 30 meV above the fundamental band gap of un-

doped CdS. The shape of this luminescence band results
from the convolution of the density of occupied states in
the conduction band. and of the density of empty states
in the valence band. Taking in addition the one-particle
interaction and correlation energy into account, the lu-

minescence band can be fitted as a function of %D and
N~. Though this model gives a qualitative understand-
ing of the luminescence of degenerated semiconductors,
the values for the doping concentrations obtained give
only the order of magnitude.

Figure 1 demonstrates that the time-integrated lumi-

nescence sensitively reacts to changes in the doping back-
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ground. However, a quantitative understanding is quite
dificult. As will be shown in the following, the recombi-
nation dynamics of the different luminescence processes
also are a function of Ny„. A theoretical treatment of
the radiative dynamics is by far more reliable than line
shape analyses, since in the latter too many parameters
are involved.

B. Time-resolved measurements

1. The donor acc-eptor pair-lrsrnineecence (region I)

A green luminescence is observed around 2.38 eV
at T=2 K in undoped CdS crystals and is attributed
to donor-acceptor-pair recombination or to conduction-
band —acceptor recombination. Each donor-acceptor
pair has a distinct separation r and a radiative recom-
bination energy E = E(r). We assume therefore expo-
nential recombination kinetics for a single donor-acceptor
pair. The superposition of a large number of exponential
decays from each pair leads to the observed luminescence.
Decay times in the range of ms to ps for the green lu-
minescence are reported for undoped CdS samples. The
total light decay is in principal similar to the case of
GaP, a model substance for investigations of the DAP
luminescence. 22

The inHuence of doping on the DAP recombination dy-
namics is studied by time-resolved measurements. Figure
2 gives transients for crystals with indium concentrations
below the Mott density, since the DAP luminescence is
only visible in this concentration range. A simple qualita-
tive measure for the influence of the indium concentration
on the recombination dynamics is given by exponential
fits of the early parts of the transients of the green lu-
minescence. We observe in this model a reduction of the
decay constants from 200—300 ns at Ny„——1x10 cm
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FIG. 2. Transients of the DAP luminescence in CdS with

various Ni„at low excitation densities (I = 10 kW cm ).
Points represent experimental data and the full lines give the
theoretical fit using Eq. (2).

(curve A of Fig. 1) down to 10—20 ns at Ni = 5x10
cm (curve C of Fig. 1). Though the shape of the lu-

minescence band as well as its spectral position (around
2.38 eV) are hardly influenced, the recombination times
are significantly shorter coxnpared to values taken &om
the literature. A better description of the decay of the
green luminescence is proposed in the following.

Using effective-mass approximation to calculate the re-
coinbination probability W(r) for a single donor-acceptor
pair, where one of the impurities has a signi6cant smaller
binding energy than the other, one gets

2r
W(r) = W „exp

ap

Equation (1) is only valid for pairs of reasonably large
separation, i.e., r )) ao (as) is the Bohr radius). r Due to
the fact that only the Bohr radius of the weaker bound
impurity atom is used to deduce Eq. (1), the following
calculations are valid with the same Bohr radius ap for
both acceptor or donor excess.

Admitting only hydrogenlike donors (valid for most of
the group III donors in II-VI semiconductors) and donors
or acceptors in excess, one gets for the intensity of light
I emitted at time t (Ref. 7)

I(t) = I4rrNp W(r) exp[ —W(r)t)r dr)
p

OO

x exp 4vrN~ exp —R' r t —1 r dr
p

(2)

ND is the concentration of the majority constituent
which should be of the order of the carrier concentra-
tion derived in Hall measurements at T = 300 K. Since
the integral expressions are independent of ND the log-
arithm of the observed luminescence intensity is a linear
function of the impurity concentration ND for a given

„and ap. Therefore, shorter decay times are ex-
pected with increasing ND, a fact which is con6rmed by
the experiments showing faster recombination dynamics
at higher doping concentrations.

Good agreement between theoretical calculations using
Eq. (2) and experimental transients could be established
(Fig. 2). The value of ao taken in the fits is the liter-
ature value for the InCd impurity center. The 6tting
of the experimental data with ap ——2.4 nm and R'
(3+2)x10 s i using Eq. (2) gives the concentration of
donors ND in the CdS:In samples. Variations of 10% of
the concentration ND drastically inHuence the calculated
decay behavior. Therefore, this theory allows us to 6t
precisely the number of impurity centers in the sample.
As can be seen &om Table I, the values ND correspond
reasonably well to those Ny„deduced during the growth
of the CdS:In crystals.

The dynamics of the DAP recombination in totally
compensated crystals (N~=N~) with a doping concen-
tration ND ( NM «changes drastically. The statisti-
cal treatement of the DAP recombination dynamics is
only valid for efFective-mass-like impurity states, i.e., in-
teractions with neighboring impurity centers should not
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TABLE I. Fitted values according Eq. (2) for crystals
A —C (see Fig. 1). CdS

Crystal
%n

(cm ')
N~

(cm ')
T=2K

A

B
1x10
1x10
5x10

3.0 x 10

1.2x10
3.5x 10

2. Es:citonic trensitions (region II)

occur. This is obvious from experiment since the ener-
getic position of the donor bound exciton luminescence
(I2) band remains constant. We assume therefore that
the ionizantion energy also remains constant. The dop-
ing concentration does not generate significant Buctua-
tions of the band potentials. Each donor-electron does
not have an independant transition, but instead it has
its possible hole states partially filled by earlier decays of
other donor electrons. Therefore the statistical problem
becomes more complicated but can be treated by a con-
volution of the time scale. For an indium concentration
of 1 x 10 cm no significant deviation between the un-
compensated case compared to the exact compensation
is observed at short times (t ( 107 s). At intermediate
times (10~ & t ( 10 ), the reduced hole concentration de-
creases the recombination rate of an electron so that the
exactly compensated curve falls below the partially com-
pensated one once suKcient time has elapsed for about
half of the carriers to recombine. For long times, the
exact compensated curve is situated above the partially
compensated ones because the recombiation which did
not take place at intermediate times finally occurs. Here
the compensated curves decay as t
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FIG. 3. Transients of an undoped CdS crystal under low
excitation densities (I, ,=l kW cm ). Transients of the free
A exciton (X), the (A, X) complex (Iq), the (D, X) complex
(I2), and the (D+, X) complex (Iq) are presented. The inset
shows the luminescence in the excitonic region. The spectral
resolution is responsible for the observed linewidths.

Figure 4 depicts transients of the near-band-gap lumi-
nescence for increasing indium concentration, taken at
the energy position of the I2 line in undoped CdS. The
crystal with X1„=10 cm (curve A in Figs. 1 and
4) reveals spectrally separated luminescence lines Iq and
I2. The decay times are w= 100 ps for the I2 line and T=
800 ps for the Iq line, which is significantly shorter than
in undoped CdS (Fig. 3). For higher indium concen-

The inset of Fig. 3 presents the time-integrated lumi-
nescence spectrum of an undoped CdS crystal showing
the free exciton at 2.5528 eV as well as excitons bound
to ionized donors (D+, X) (the Is line), bound to neu-
tral donors (Do, X) (the I2 line), and bound to neutral
acceptors (Ao, X) (the Iq line). The main part of Fig. 3
depicts transients of these excitonic transitions, yielding
decay times of (980+30) ps for the Iq line, (300+30) ps
for the I2 line, (50+20) ps for the Is line, and (100+20)
ps for the free A exciton (X line). The observed rise
time w„„=(100+10) ps of the Iq and I2 lines are in good
agreement with the decay time of the free exciton. The
lifetimes of the bound exciton complexes increase with
increasing binding energy, which is confirmed for a large
variety of II-VI semiconductors. This trend is in good
agreement with theoretical calculations for a pure radia-
tive decay by Rashba and Gurgenishvili24 (R@G) con-
necting the bound exciton oscillator strength via the ex-
citon localization with the &ee exciton oscillator strength
per molecule. The lifetime 7 (and therefore the oscillator
strength f of the complex) is connected with the binding
energy E~ as follows:
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FIG. 4. Transients of CdS:In crystals with indium concen-

trations below the Mott density for low excitation densities
(10 kW cm ) at the energy position of the I2 in undoped
CdS. The fitted rise and decay times as well as the amplitude
ratios are given in the text.
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trations A two-exponential decay (r~, x2) with varying
amplitudes (Aq, A2) is easily fitted to the luminescence
transients. At N1„=1x10~ cm (curve B in Figs. 1
and 4) one gets vq ——50 ps and w2 ——200 ps with an am-
plitude ratio Az/A2 of 4. Finally, for N1„=5x10 cm
(curve C in Figs. 1 and 4) the recombination times de-
crease to wq ——30 ps and x2 ——150 ps with an amplitude
ratio Aq/A2 of 33. It is interesting to notice that the
ratio of the amplitude Aq/A2 of both decay components
(wq, r2) depends on the spectral position and increases
with increasing indium concentration. This behavior is
valid for the two crystals B and C (Fig. 1).

Figure 5 shows the amplitude ratio of the two decay
components (Ty, T2) of the excitonic luminescence band
at Np„——1 x 10 cm . With decreasing energy of detec-
tion the slower component v2 dominates the luminescence
dynamics. 15% to 55% of the measured luminescence in-
tensity decays with w2. Based on the measured distri-
bution for the decay constants over the whole lumines-
cence band, 7q is attributed to the decay of the (Do, X)
complex with an amplitude Aq and 72 to the decay of
the (A, X) complex with an amplitude A2. The decay
component wq of the broad luminescence band in indium-
doped CdS is shorter than the I2 recombination time in
high purity CdS crystals. An increasing indium concen-
tration leads obviously to a reduction of the lifetimes of
the excitonic complexes.

In time-integrated luminescence spectra a broadening
of the (D, X) complex recombination (I2 line) with in-
creasing donor concentration is observed (Fig. 1). The
screening of the Coulomb interaction with increasing
donor concentration in CdS:Cl (Ref. 5) leads to a reduc-
tion of the binding energy of the exciton-impurity com-
plex, which is equivalent to a reduction of the localization
of the exciton. The broadening of the I2 line can be ex-
plained by Coulomb screening of the exciton bound to a

1.0

0.8

0
0.6

0.4
G4

neutral donor. An equivalent explanation has to be con-
sidered for indium-doped CdS, which is confirmed by the
observed luminescence dynamics. Therefore, this picture
is in agreement with excitonic recombination mechanisms
at indium concentrations below the Mott density.

The theoretical work of RRG (Ref. 24) yields a simple
explanation for the observed increase of the bound exci-
ton transition probability with increasing donor concen-
tration. RkG consider only an isolated impurity center
in an ideal crystal without taking into account the in-
teraction of the bound exciton complex with neighboring
donor atoms. This becomes important with increasing
indium concentration. As a first correction the average
distance between neighboring impurity centers is to be
taken into account. The spatial screening range at a given
doping concentration compared to the Bohr radius of the
exciton-impurity complex is a measure for the inQuence
of doping onto the binding energy. The higher the doping
concentration, the greater the extension of the Coulomb
screening on the donor-exciton binding energy. There-
fore, the efFective binding energy of the bound exciton
complex is lowered and employing Eq. (3) the radiative
decay times become shorter, but still bound exciton com-
plexes exist.

Since in CdS:In the number of donors is by far larger
than the number of acceptors, the environment of a donor
or an acceptor is comparable. The increasing indium con-
centration afFects donors as well as acceptors, therefore
both (D, X) and (A, X) complexes will recombine in
shorter times than in undoped CdS samples. The donor-
donor or acceptor-donor interaction is similar and the
Coulomb screening takes place for acceptor-exciton com-
plexes as well as for donor-exciton complexes.

In undoped CdS crystals decay times w2 for the (A, X)
complex around 1000 ps are measured (Fig. 3). Since
the amplitude ratio of Aq/A2 decreases with increasing
doping concentration, the (A, X) luminescence remains
obviously constant or decreases much slower than the
(Do, X) complex. The strong broadening of the I2 line
with increasing doping gives place to a dominating lumi-
nescence band, preventing the measurement of the iso-
lated Iq line. We observe this behavior for all the sam-
ples with indium concentrations below the Mott density.
The inhomogeneous line broadening due to spatially in-
homogeneous doping throughout the sample underlines
this interpretation of the bound exciton decay.

A relation between the indium doping concentration
and the observed decay times is obvious. Nevertheless no
model to calculate the doping concentration from these
results is available yet.

0.2 '

0.0
2.51 2.52 2.53 2.54

energy (eV)
FIG. 5. Amplitude ratio Az/A2 for the decay components

(rz, r2) for a crystal with N&„=1x10 cm (curve B in Figs.
1 and 4).

8. Non-Ic-conseretny band-to-band recotnbtnation
(region III)

The crossover of the luminescence from excitonic-
to non-k-conserving band-to-band recombination for in-
dium concentrations around the Mott density can be seen
from time integrated spectra (Fig. 1). However, the
changes of the dynamical behavior (Fig. 6) for these
concentrations are more pronounced. Both donor and ac-
ceptor states no longer exist. The band structure of the
semiconductor is renormalized and the indium impurities
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form a part of the conduction band. The renormalized
nonparabolic band and the Fermi level are the parame-
ters to determine the transition energy of the expected
luminescence. Conductivity and hall measurements show
that our crystals have a high conductivity and a high mo-
bility for electrons. This behavior shows that our crystals
are highly uncompensated and therefore the DAP lumi-
nescence vanishes for high indium concentrations and the
electronic dynamics changes drastically. Now the recom-
bination of &ee charge carriers is responsible for the ob-
served luminescence. Since the band-to-band transition
probability is smaller than the exciton transition prob-
ability, slower decay times are expected. This change
is obvious Rom time-resolved measurements below and
above the Mott density.

Figure 6 represents transients of non-k-conserving
band-to-band transitions for indium concentrations
above the Mott density in a logarithmic plot. The tran-
sition from localized excitonic states to a degenerated
semiconductor is clearly resolved comparing the dynam-
ical behavior of the near-band-gap luminescence above
and below (see Fig. 4) the Mott density. As will be
discussed below multiexponential fits are no longer suit-
able to describe the decay. Nevertheless, exponential 6ts
of the early parts of the transients show a general trend
with increasing indum concentration. At Xy„——3x10
cm the first decay components Kg=80 ps indicate a
drastically slower decay than in the case of excitonic re-
combination (ri ——30 ps) for N1„=5x10 cm . However,
with increasing indium concentration 7q decreases down
to 10 ps.

A simple description in terms of non-k-conserving
band-to-band transitions in terms of a two-level or mul-
tilevel system fails, since no localized states are involved.
A detailed description of these transitions can be given,
taking into account the number of occupied states in the

d .„,(t)
np n,„,(t) —n2 n,„,(t), (4)

n.„,(t = O) =
h'&exc +exc

with the solution

nexc (&)

n.„,(t = o)

C'V
C1g fl p.„.(t=o)
aCVn1+ 1+ ev'

( )
exp

7

0

1
cv 7lo

and the luminescence intensity at time t is given by

excited level and the number of free states in final level.
As motivated in Ref. 13, by neglecting the role of accep-
tor states for the recombination process, the recombina-
tion rate is proportional to the concentration of electrons
in the conduction band and the concentration of holes in
the valence band. The indium doping leads to a partly
filled metal-like conduction band. The concentration of
doping-generated electrons is given by no ——ND —X~. The
incoming laser pulse creates additional electrons n,„,(t)
as well as holes. The optical-generated electrons fill the
empty states in the conduction band at large energies and
k vectors. The holes are situated near the valence-band
maximum and therefore have k vectors nearly zero per
cm of electrons no which are generated by doping and
have a relatively small mean value of the k vector and
may be defined as o, ~ . The recombination constant for
electrons n,„,(t) with large k vectors is given by n2 in
cm . With I,x, the excitation density per cm, hv, x„
the photon energy, and V,

„„

the excited volume of the
crystal, one gets

I(t) d ( n.„,(g)

I(t = O) dt gn.„,(t = O) y

' {6)

g
10'=

10 =

10'
0

l

l000

time (ps)

2000

FIG. 6. Transients of the non-k-conserving band-to-band
luminescence for Cds:In (dots) at 10 kW cm fitted using
Eq. (5) described in the text. The parameters are given in
Table II.

Equation (6) describes a nonexponential decay depend-
ing on the ratio of the doping- to the photogenerated
transitions rates n+iv no/ n2 + n,„,(t = 0) and O. The
resulting fits I(t)/I(t = 0) are in good agreement with
the measured data (Figs. 6 and 7). The parameter 0 has
the dimension of time and inQuences the bending of the
curve. The fitted value gives the product (aP+no) i. We
observe with increasing indium concentration decreasing
values for O. This is in accordance with an increasing no,
admitting an almost equal transition constant o.~ for all
investigated crystals. To obtain the transition constant

an independent determination of the doping con-
centration no for one crystal is then necessary. Hall mea-
surements for the crystal D in Fig. 1 by Broser et al.
reported a mobility of 160 cm V s and a ca].culated
carrier concentration of no ——5x10 cm . With this car-
rier concentration and the fitted time constant 0, az is
determined to [acv= (7.4+1.0) x 10 i s cm . Cal-
culated values for 0 and ni no/nz v n,„,(t = 0) are
given in Table II. The values of no are in good agree-
ment with the concentrations deduced from the growth
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TABLE II. Fitted values according to Eq. (5) for crystals
D —G (see Fig. 1).

Crystal
CV

CI2
Cv

Ckq

]
1x1O'

[
2x1O'

ox 10

[
1x1O'

AQ

&exc (0)
1x1O'
1x1O'
1x10
1x1O'

(ps)

AQ

(cin ) (cin )

10O
(

7 1.1O"
i

7x1O"

conditions for all the samples with indium concentrations
above the Mott density. The function n,„,(t) is directly
correlated to the density of photogenerated electrons or
holes and n,„,(t=0) is the concentration of electron-hole
pairs generated by the incoming laser pulse. The ratio

no/a. s n,„,(t = 0) is directly determined by the ex-
perimental conditions.

For low excitation densities values of the ratio
nP no/o. 2+ n,„,(t = 0) in the order of magnitude one
are obtained. This seems to be in con6ict with the ex-
perimental situation, since no is certainly larger than
n,„,(t = 0). Under the assumption of a strong variation
of the recombination constants o, +~ and a&+ with a k
vector for band-to-band transitions, an explanation can
be given. The majority of the doping-induced electrons is
situated at small energies, and therefore the mean value
of the k vectors in the conduction band is small, while
the photogenerated electrons are created in a small re-
gion near the Fermi level with large k vectors. Optical
transitions of these electrons are detected by our experi-
mental setup in a small energy range for highest values of
the k vectors. A further observation is that the smaller
the energy of detection, the longer the detected decay
of the luminescence. This luminescence results &om the
recombination of electrons, which have reduced k vec-
tors and thus smaller transition constants compared to
those transitions at higher energies. An additional effect,
which changes the fitted recombination constants, might
arise from the fact that our crystals are not uniformly
indium doped. Assuming a strong reabsorption of lumi-
nescence light in highly doped regions, the detected light
steems from lower doped regions compared to the average
doping concentration. Measurements of the conductivity
will give in contrast only values for the average doping
concentration.

100-

CcIS:Iil
T=2K

which is above the energy of the band gap of CdS:In.
The light is absorbed in a thin layer near the surface and
therefore concentrations n,„,(t = 0) of charge carriers
of about 5 x 10 cm are obtained. Now the density
of photoexcited carriers, i.e., electrons and holes, is of
the same order of magnitude as the doping-induced elec-
tron density. Typical high excitation phenomena such
as biexciton or exciton-exciton —collision luminescence are
not observed in indium-doped CdS crystals in spite of the
high excitation densities. Diffusion of the charge carriers
is obviously very efficient and reduces in extremely short
times the concentration of photogenerated electrons and
holes near the surface. The diffusion constants are addi-
tionally different for a doping-induced dense electron gas
and a photogenerated electron-hole plasma.

Figure 7 shows decay times obtained by exponential
fits of the early parts of the excitonic or band-to-band lu-
minescence transients, respectively, for the whole range of
indium concentrations available as well as under different
excitation conditions. Although exponential fits are not
adequate in the case of non-k-conserving band-to-band
transitions, they permit us to discuss doping-induced
changes of the recombination dynamics. The radiative
lifetime of the exciton luminescence below the Mott den-
sity, composed of the sum of (Do, X) and (Ao, X) decay
times with varying amplitude ratio, becomes shorter for
all the measured samples under high excitation condi-
tions. The interactions of bound exciton complexes in-
creases and leads to smaller effective binding energies.
As mentioned before, the I2 line decays in (300+30) ps
in undoped CdS under low excitation conditions. At
500 MW cm, v = 80 ps for the I2 line is observed for
Ny„——1x10 cm . The shortest decay time of 7= 15 ps
is measured at NI„=5x10is cm s (curve C in Fig. 1).
The crossover from excitonic to band-to-band recombina-
tion at the Mott density, i.e., the formation of a degen-
erated semiconductor, is reached under high excitation

High excitation derasities

High excitation densities influence strongly the lumi-
nescence dynamics observed for CdS:In at the investi-
gated indium concentrations. Exciton, DAP, and non-
k-conserving band-to-band recombination processes be-
come faster, indicating an influence of high excitation
densities on the recombination dynamics. The creation
of an electron-hole plasma by high excitation densities in
addition of a dense electron gas due to the indium doping
changes further the recombination dynamics. At inten-
sities of 0.5 GW cm, approximately 2x10 photons
per laser pulse are realized at photon energies of 2.7 eV,

III( I I I I Illli I I I I I III( I I I I llll( I

10' 10 10' 10"

indium concentration (cm ')

FIG. 7. Exponential 6ts of the early parts of the near-
band-gap luminescence transients of CdS:In. Filled circles
show data for 10 kW cm, open circles show data for 500
MW cm, and the triangle shows data for 1 GW cm ex-
citation density.
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densities at lower doping concentrations than for low ex-
citation densities and is well represented by exponential
fits. An additional increase of the excitation density (tri-
angle in Fig. 7) shifts this crossover to smaller indium
concentrations.

As visible from Fig. 7 longer decay times of the lu-
minescence above the Mott density are observed, which
are attributed to non-k-conserving band-to-band recom-
bination. Under high excitation conditions, i.e. , 500 MW
cm, this luminescence again becomes faster. Addition-
ally, this type of luminescence is observed at lower indium
concentrations. The luminescence decay changes drasti-
cally for crystals just below and above the Mott den-
sity at low excitation densities. In the crossover region
exciton and band-to-band transitions are involved and
a combination of both recombination processes is mea-
sured in the decay times. Crystals just below the Mott
density show under low excitation densities excitonic lu-
minescence whereas under high excitation densities band-
to-band luminescence is observed. Actually, the sum of
photo-induced and doping-induced carriers is responsible
for the type of recombination kinetics observed.

Under high excitation densities the crystals shown in
Fig. 6 exhibit transients with highly bimolecular recom-
bination characteristics. Using Eq. (6) to fit, the ra-
tio n+& no/oz n,„,(t = 0) is obtained on the order of
0.5. Therefore, a significant difference for the recombina-
tion probabilities o,z and o,z could not be determined
because of the relative small changes of the lumines-
cence dynamics between low and high excitation densi-
ties. High excitation densities are realized in experiment
in a spatially small region. The electron-hole plasma is
generated in a thin layer and the diffusion reduces very
effectively this concentration in times smaller than 1 ps.
Therefore, the detected light must not be emitted from
highly excited regions only, low excitation density lumi-
nescence may dominate by intensity. In principle, with 0
fitted to the transients for high excitation densities and
the concentration no deduced for low excitation densi-
ties, a+i+ (I) and then a+&+(I) could be determined. The
fitted values 0 for all investigated crystals are smaller
than under low excitation conditions. This indicates an
increase of the recombination probability o;i, since the
doping-generated carrier concentration no remains con-
stant.

Figure 8 gives transients of the band-to-band lumi-
nescence for a highly indium-doped Cds crystal with
Xy„——3x10 cm, which is not shown in Fig. 1, under
high and low excitation densities. Under low excitation
densities the experimental data are 6tted with 0 = 220
ps, which is equivalent to a carrier concentration of no ——

6.1x10 cm s. A ratio of ni no/nz n,„,(t = 0)
1500 is used, indicating that the luminescence decay is
nearly exponential. The same recombination constants
can be used in this case. Under high excitation den-
sities the density of opticallly generated electrons is in
the same order of magnitude as doping-generated carri-
ers. The concentration of holes is significantly increased.
Now, high excitation phenomena become possible, lead-
ing to a shortening of the luminescence decay. 0= 45
ps has to be used to 6t the transient. The band-to-band

~ 10'=-
~ ~
ch

10'-
— 8 = 45ps
-n„/n,„,= 0.8

8 = 220ps
n, /n, „,.

= 1500

1000

time (ps)
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FIG. 8. Transients for Cds:In with Ni„=3x10' cm for

(a) low (10 kW cm ) and (b) high excitation (500 MW cm )
densities.

transition probability o.z changes obviously under high
excitation conditions. The transient is fitted with a ra-
tio no/n, „,(t = 0) = 0.8 and nz /ni =1 Bimol.ec-
ular recombination dynamics are characteristic for the
measured transients. This crystal is obviously different
compared to the rest of samples. From the yellow color
one concludes that this crystal seems to be highly com-
pensated, whereas the other samples are dark brown to
black and similiar in conductivity (as crystal D) with a
conductivity of 150—200 cm V s

Hall measurements are difBcult to fulfill, i.e., the in8u-
ence of the contacts and of the conduction through the
whole volume or through a small layer near the surface is
extreme on the experimental data. Time-resolved photo-
luminescence gives with moderate expense reliable data
for high impurity concentrations.

Figure 9 shows time-delayed luminescence spectra of
the crystal with Ni„=5x 10is cm s (curve C of Fig. 1)
excited with 1 GW cm at 2.7 eV. The known "blue"
excitonic luminescence band (Fig. 1), is dominated
by an additional luminescence attributed to stimulated
emission due to electron-hole plasma luminescence.
Gain measurements show amplification factors of 300—
800 cm i (Ref. 14) for this sample under ns excitation.
We report here detailed measurements of that lumines-
cence with high temporal resolution in the ps time do-
main. An exponential fit of the early part of the lumi-
nescence transient reveals 7= 100 ps (triangle in Fig. 8).
The number of photo-excited carriers is obviously high
enough to cross the Mott density. The measured decay
behavior is typical for band-to-band transitions.

The measured decay time for the stimulated emission
(Fig. 10 curve 2) decays exponentially within w= 80 ps.
This is faster than the luminescence underneath (see Fig.
10 curves 1 and 3). Therefore, we assume that the main
part of the observed luminescence is due to the radia-
tive decay of an electron-hole plasma. The transition
from an electron-hole gas to a condensed system is lim-
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sation into electron-hole-droplets. Recent publications of
Yoshida and Shionoya and Swoboda et al. show that
a condensation of a dense electron-hole gas into the liquid
phase is not realized in CdS.

In undoped CdS crystals the luminescence under high-
est excitation conditions is attributed to electron-hole-
plasma recombination, which decays within 150—200
ps. The exciton lifetime decreases due to an enhance-
ment of the Coulomb screening with increasing indium
concentration. Admitting a similar influence of the dop-
ing on the recombination dynamics for the plasma as
for the exciton lifetime, shorter time constants for the
electron-hole plasma are expected for highly indium-
doped CdS. Obviously, a strong doping-induced back-
ground of electrons reduces effectively the radiative life-
time of an electron-hole plasma.

IV. CONCLUSION

FIG. 9. Time-delayed luminescence spectra of a CdS:In
crystal with N&„——5 x 10 cm at T=2 K and an excitation
density of 1 GW cm . An additional high excitation band
is visible at 2.54 eV.

ited by the cooling time of electron and holes, excitons or
biexcitons, respectively during their radiant lifetimes. In
direct-gap semiconductors such as CdS it is difBcult to
obtain a condensation of excitons because of the strong
exciton-photon coupling, i.e., the polariton effect pre-
vents the accumulation of the particles at the bottom
of their band. Baad-band excitation, on the other hand,
creates only hot carriers which do not cool down during
their lifetime giving the possibility to make the conden-
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FIG. 10. Transients of a CdS:In crystal with N&„——5 x 10

cm at 1 GW cm at different energy positions. The inset
shows the corresponding luminescence spectrum.

The dynamical behavior of the luminescence in semi-
conductors is one of the fundamental keys to the un-

derstanding of all electronic processes. A fast and reli-
able method to determine the doping density are time-
resolved luminescence measurements. The decay of the
donor-acceptor-pair recombination reveals information
on doping concentrations and on compensation mecha-
nisms for concentrations below the Mott density. Us-

ing the statistical theory of Thomas et al. , we have
determined the doping concentration of indium in CdS
with high accuracy. These values are in good agreement
with data of Hall measurements, of atomic absorption
spectroscopy, and with values deduced from the growth
conditions. Compensation effects can be neglected since
the excess concentration of donors is at least one or-
der of magnitude higher than that of acceptors. The
role of Coulomb screening effects on exciton-impurity in-
teraction, proposed by Hanamura, is also investigated.
No line shift is observed with increasing indium concen-
tration below the Mott density, in contrast to the well
known case of CdS:Cl. The influence of doping on the
localization of the electron at the donor is observed via
the bound exciton lifetimes. Both the (Do, X) and the
(A, X) complex (rq, r2) contribute to the decay of the
luminescence. A varying amplitude ratio Al/A2 of the
corresponding decay components (rl, r2) throughout the
excitonic luminescence band is observed. Indium con-
centrations above the Mott density (samples with N~„)
5x10~s cm s) permits us to study the changes in the re-
combination dynamics around the semiconductor-metal
phase transition. The formation of impurity bands out of
isolated levels is directly shown in the dynamical behav-
ior as well as by the energy position of the luminescence
band far above the band gap of undoped CdS crystals.
Here, non-k-conserving band-to-band transitions charac-
terize the decay times. Calculations on the basis of a
model involving the number of occupied states in the
conduction band and the number of empty states in the
valence band give reasonably good its of the experimen-
tal data. The Gt parameters permit us to determine the
doping level of donors in CdS:In for concentrations higher
than the Mott density. For the investigated concentra-
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tion regime of indium time-resolved measurements are a
tool to identify the processes involved and to determine
the electronically active indium concentration as long as
light is emitted from the sample. This method should
work in any heavily doped semiconductor.
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