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Spontaneous photoluminescence (PL) spectra of Cu-doped and undoped e-GaSe have been investi-
gated in the temperature range from 80 to 300 K and at low laser-excitation intensity (P) from 10
to 10 W cm . The main modification of the spectra in doped crystals with respect to those of un-

doped samples is the appearance of two bands in the extrinsic part of the PL spectrum and centered
at 65S and 678 nm, respectively. The luminescence at energies below the excitonic recombinations
(extrinsic bands) is enhanced by doping. Also indirect free- and bound-excitonic lines are also
strongly influenced by the impurity concentration; in fact, their emission intensity, which depends
linearly on I' in undoped crystals, shows a quadratic dependence in doped samples. The temperature
dependence of the PL spectra gives the thermal activation energy of some extrinsic bands, which re-
sults equal the ionization energy of the acceptor levels involved in the extrinsic transitions. A simple
kinetic model of the radiative recombination is proposed; it accounts for the experimental data of the
excitation intensity dependence of the free- and bound-excitonic lines. This model can also explain
the different temperature dependence of the PL intensity of these lines: linear for the free-excitonic
emissions, exponential for the bound-excitonic recombinations. Some radiative transitions from
donor levels located in the energy gap of GaSe are analyzed and a scheme of donor and acceptor
states involved in the PL spectra is proposed.

I. INTRODUCTION

The covalently bounded layers of the III-VI semicon-
ductor compound GaSe contain four monatomic sheets in
the order Se-Ga-Ga-Se. The single layer is hexagonal and
the c axis is perpendicular to the layer plane. Several
polytypes have been reported in the literature, which differ
in the sequence of the basic layer units. The stacking se-
quences which occur most often are of the hexagonal e
(2H) and of the rhombohedral y (3R) type, ' belonging to
the space groups D3h (P6m 2) and C3, (R 3m), respective-
ly. The mechanical properties of GaSe are strongly aniso-
tropic; the electronic ones are less ' because of the consid-
erable charge density located between the layers.

The electronic band structure of gallium selenide, calcu-
lated using the empirical pseudopotential method
shows the existence of a low-lying indirect gap in GaSe.
In particular these authors predicted the presence of an in-
direct minimum of the conduction band (CB) at the M
point of the Brillouin zone, lower than the direct one at
the I point and they located the top of the valence band
(VB) at the center of the Brillouin zone. These calcula-
tions essentially agree with those obtained recently by
Nagel et al. using the tight-binding method.

In recent years, different experimental findings seem to
confirm this model as illustrated by Le Chi Thanh and
I3epeursinge and by Abullaev et al. on the basis of ab-
sorption measurements. These results are compatible with
the direct resonant-exciton model invoked by Mercier
et al."

Optical transitions between the top of the VB and the
direct minimum (at 1 ) of the CB are full allowed, if the
electric field of the light is parallel to the c axis; for Elc
the transition is weakly allowed, due to spin-orbit cou-
pling„and its probability is about 2 orders of magnitude
weaker than that for E~ ~c.

" The same selection rules are
valid for the creation and recombination of direct and in-
direct excitons. '

The excitonic features of GaSe have been extensively
studied by several authors. " ' Comparatively little in-
formation is available on the energy levels in the forbidden
energy gap. ' As far as these properties are concerned,
this paper reports the comparison of spontaneous photo-
luminescence (PL) spectra of "undoped" (not intentionally
doped) and Cu-doped GaSe single crystals, in the wave-
length interval including the excitonic and extrinsic emis-
sion and in the temperature range from 80 to 300 K.

The choice of copper as the doping element was made
because it noticeably influences the characteristics of the
material, as indicated by the strong decrease of the electri-
cal resistivity. ' In fact, a p-type conductivity from 10
to 10 A 'cm ' was found in Cu-doped crystals, i.e., a
value about 10 times higher than the corresponding value
of undoped GaSe grown from the melting.

As I egards the emlsslon spectI a of Cu-doped samples,
two new bands centered at 655 and 678 nm appear below
the excitonic structure (at 80 K). The PL spectra are
analyzed as functions of exciting intensity and tempera-
ture', a model for the recombination kinetics is developed,
which accounts for the experimental data reported below.
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II. EXPERIMENTAL METHODS

The single crystals of CxaSe were grown from the melt
by the Bridgman technique. ' As reported in Ref. 20, we
found by x-ray analysis and by excitonic transmission
spectra that most of our samples were of e type and very
few (some percent) of y type. All the samples investigated
for this work had the e-polytype structure. Undoped crys-
tals showed an electrical conductivity of p type with
N& —ND —10' cm and N~ +ND-10' cm, where Nz
and %D are the concentrations of donors and acceptors,
respectively. ' Some crystals were intentionally doped by
the addition of about 10 cm of copper atoms into the
growth ampoules. A concentration of about 5 && 10' cm
of Cu was detected by electrical transport measurements. '

The crystals were cleaved along the layers, obtaining
platelets of about 1 cm of area and 0.1 to 0.5 mm of
thickness. The surface of the samples were irradiated
along the c axis by a cw argon-ion laser using the 5145-A
line. The samples were attached to the copper cold finger
of a liquid-nitrogen cryostat, the temperature of which
could vary from 80 to 300 K by means of a thermoregula-
tor having an accuracy of 1 K. The emission was collect-
ed in the backscattering geometry from the face of the
crystal and analyzed by a double monochromator. The
luminescence was detected by a cooled RCA C31034 pho-
tomultiplier and recorded by the standard lock-in tech-
nique. A set of neutral-density filters changed the intensi-
ty of the laser beam in the range from 10 Wcm to 10
Wcm

III. EXPERIMENTAL RESULTS
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FIG. 1. Photoluminescence spectra of Cu-doped GaSe at 80
K. Light is collected from the face perpendicular to the c axis at
three different excitation intensities: (a) 700 mW/cm, (b) 40
mW/cm, and (c) 3 mW/cm . The denomination of lines is the
same of Table I.

Figure 1 shows three photoluminescence spectra of Cu-
doped GaSe, measured at the temperature of 80 K and for
three excitation intensities (P). Other three-luminescence
spectra of an undoped CxaSe crystal at the same tempera-
ture T =80 K and for three values of P are reported in
Fig. 2.

An evident feature in the PL spectra of the doped sam-
ples is the presence of the two bands R, and 82 (centered
at 655 and 678 nm, respectively [see Figs. 1(b) and 1(c)]),
which have never been detected in all the undoped samples
investigated. Apart from these two bands, the other lines
of the spectra [(b) and (c) of Fig. 1] are also visible in the
spectra (b) and (c) of Fig. 2. The spectra of these two fig-
ures can be divided in two parts: the first one includes the
lines 2, 8, C, and D (intrinsic lines), while the second one
comprises the remaining part of the luminescence lines,
from E to H (extrinsic lines).

An important feature of the two kinds of crystals is the
behavior of the PL spectra as a function of the excitation
intensity. In fact, the extrinsic lines, which at the lowest
values of P used in this experiment are more intense than
the intrinsic lines [see Figs. 1(c) and 2(c)], become lower
and lower and tend to saturate with respect to the intrinsic
lines, when P increases [compare Fig. 1 with Fig. 2 going
from the spectrum (c) and (a)]. Moreover, at higher exci-
tation intensities (magnitude order of 10 mW cm ) the
extrinsic lines of doped samples merge into a featureless
band centered at 650 nm [see Fig. 1(a)].
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FICx. 2. Same as Fig. 1 for an undoped sample. The excita-
tion intensities are (a) 400 mW/cm, (b) 40 mW/cm, and (c) 3
mW/cm .
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TABLE I. Results of photoluminescence spectra in undoped and Cu-doped GaSe at 80 K.

GaSe
undoped

Denomination of lines
and wavelength (A)

5910+1

5976+1
6092+ 1

6203 + 1

6448+1
6622+ 1

7003+ 1

7418+ 1

Energy
(eV)

2.098
2.075
2.035
1.999
1.923
1.872
1.771
1.672

Power exponent y
Eq. (1)

1.3
1.3
1.0
1.0
0.5
0.5
0.5
0.5

AE (IneV)
Eq. (2)

23+1

52+2

51+2
150+3

Luminescence intensity
relative to A

(80 K and 40 mW/cm }

1.0
0.5
0.3
0.15
3.0
1.5
0.3
0.2

GaSe
Cu-doped

A

8
(I"

D
E
Rl

R2
6
H

5910+ 1

5976+1
6092+1
6203+1
6447+1
6552+1
6622+ 1

6775+1
7001+1
7417+1

2.098
2.075
2.035
1.999
1.923
1.892
1.872
1.830
1.771
1.672

1.3
1.3
2.0
2.0
1.0
1.0
1.0
1.0
0.5
0.5

23+1

52+2

30+1
51+2
91+3

153+5

1.0
0.5
1.8
1.3
3.5
4.0
3.5
1.8
0.8
0.5

The bands E, F, G, and H are present in both types of
samples, but their intensity, relative to that of the direct
free exciton, is higher in doped samples; this fact indicates
that the Cu doping is not directly responsible for all local-
ized extrinsic levels, but it influences their density. It has
been suggested ' that the Cu atoms intercalate between the
layers of GaSe; in the crystals, this can increase the num-
ber of stacking faults which are due to the weak interlayer
interactions. This enhancing of extrinsic levels with
doping is also consistent with the fact that saturation ef-
fects of extrinsic bands are barely visible in doped sam-
ples, while they are easily seen at the highest excitations in
undoped ones [see Fig. 3 and Fig. 2(a), where the lines 6
and Hare already saturat'ed].

The relative intensities of the lines varied sometimes
from sample to sample, but the energy positions remained
constant in all investigated crystals. The spectra have
been analyzed by decomposing them into a series of over-
lapping Gaussians, using as fitting parameters amplitude,
halfwidth, and center energy. This procedure has been ap-
plied only to spectra in which the structures are reason-
ably well defined. Other line shapes have been tried: The
results are approximately the same (considering the errors)
as those obtained from Gaussian bands. At the same time,
the overlapping of band tails does not permit one to
discriminate between the various line shapes. The Gauss-
ian lines have been used only as a means for analyzing the
PL spectra quantitatively. The results of these deconvolu-
tions are reported in Table I.

Figures 3(a) and 3(b) show the dependences of the inten-
sity of some intrinsic and extrinsic lines versus excitation
intensity for (a) undoped and (b) doped samples. In Fig.
3(b), lines A and B have been omitted for clarity, because
their behavior is exactly the same as that of their corre-
sponding lines in undoped samples (see Table I).

The experimental data of various bands of Fig. 3 can be
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FKJ. 3. Luminescence intensity of various lines vs excitation
intensities at 80 K: for (a) undoped crystals and (b) Cu-doped
crystals.

fitted, excluding the saturation region at the highest inten-
sities, by the simple power law,

L ~P+,

where L is the integrated luminescence intensity of the
bands, P is the excitation laser intensity, and y is an adi-
mensional exponent.

The most prominent features of Figs. 3(a) and 3(b) are
(a) lines C and D, which depend linearly (y = I) on P in un-
doped crystals, show a quadratic dependence (y =2) in
Cu-doped samples. (b) The remaining extrinsic lines are
characterized by linear or sublinear dependences. In par-
ticular, the intensity of E and F, which shows a square-
root dependence followed by a saturation in undoped crys-
tals, depends linearly on P in doped ones (see Table I).
The lines 6 and H behave similarly in undoped and doped
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crystals: i.e., their intensity increases first sublinearly

(y =0.5) with P, and then saturates, as shown in Fig. 3(b)
for the line G. In the figures 3(a) and 3(b) all the extrinsic
lines are not reported, but their main features and results
are summarized in Table I.

The luminescence intensity of the excitonic lines and
some extrinsic bands, as a function of T, is reported in
Fig. 4, at constant photoexcitation intensity. The tem-
perature dependence of the intensity of the lines 2, 8, C,
and D is the same for both doped and undoped samples,
i.e., linear for A and C, exponential for 8 and D, as sho~n
in Fig. 4(a) and Fig. 4(b), respectively.

The intensity of E in both types of samples is nearly
constant up to about 180—200 K, while at higher tempera-
ture it decreases abruptly [see Fig. 4(c)]. For the other ex-
trinsic lines, the experiment data can be fitted by the fol-
lowing equation [continuous lines in Fig. 4(c)]:

L ~exp(b, E/kT),
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where AE is the thermal activation energy and k the
Boltzmann constant. The values of b,F. obtained for
doped and undoped samples are reported in Table I.

Moreover, it is useful to remark here (see discussion
below) that the energy differences between the parts (A, B)
and (C,D), are equal to the value of hE deduced from Eq.
(2) for the lines 8 and D, respectively. Table I summarizes
the results which are deduced from the analysis of Figs. 1

to 4. At temperatures higher than 200 K only the lines A
and S are still visible in the PL spectra of both types of
crystals.
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IV. DISCUSSION

A. Intrinsic lines

10
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The line A at 2.098 eV is attributed to the well-known
recombination of the direct free exciton (DFE) associated
to the direct conduction band. ' The ionization energy of
the DFE is about 20 meV (Ref. 17) and then the bottom of
the direct CB at 80 K lies at about 2.118 eV above the top
of VB.

In agreement with the absorption measurements report-
ed by AbduHaev et al. , the line C at 2.035 eV can be as-
cribed to the radiative decay of the indirect free excitons
(IFE), associated to the indirect conduction band (ICB).
This indirect transition occurs with the emission of an 3

&

phonon of 15 meV. The assignment of the line C agrees
also with the luminescence results of Mercier et a/. ' who
found (at 77 K) the minimum M of the indirect gap locat-
ed at 2.093 eV above the top of VB. From the energy po-
sition of the line C and that of the above phonon, an es-
timation of about 2.050 eV results for IFE.

The 1uminescence intensity of the line B increases with
P, in the same way as the line 2 [see Fig. 3(a)]. Moreover,
the exponential thermal quenching of this line, reported in
Fig. 4(b), gives an activation energy b,E which is the same
as the energy difference between the lines A and B (see
Table I). These results suggest that 8 can be due to the
recombination of direct bound exciton (DBE) to impurity
centers localized in the energy gap of crystals. As pro-
posed in Ref. 22, these binding impurities could be the
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FICx. 4. (a) Temperature dependence of the excitonic lines 2
and C at the photoexcitation intensity of 40 mW/cm, (b) semi-
log plot of the intensity of the lines B and D vs (1/T) at 40
mW/cm, and (c) temperature dependence of the emission inten-
sity of some extrinsic lines at 40 mW/cm . In (b) and (c) the
continuous straight lines are the least-squares fits of experimen-
tal points to Eq. (2) of the text.
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donor levels d ~ at about 0.195 eV below DCB and detected
by electrical transport measurements. '

Similar results are obtained for the line D, i.e., the inten-
sity of D increases linearly with P, as the line C does [Fig.
3(a)] and decreases exponentially when T increases [Fig.
4(b)]. Moreover, the activation energy b,E deduced from
Eq. (2) is also equal to the energy difference between IFE
and the line D. These results and the assignment of the
line C, as the indirect free-exciton recombination, suggest
that the line D in agreement with Ref. 22, can also be at-
tributed to the recombination of indirect bound excitons
(IBE) to localized centers in the energy gap. These centers
could be the deep level d2 at 0.42 eV below ICB, as dis-
cussed previously.

The presence of donorlike levels in p-type samples is
consistent with the high compensation observed by electri-
cal measurements. ' The quenching of the lines B and D
as T increases can be attributed to the thermal freeing of
direct and indirect excitons, respectively, from their bind-
ing centers.

'~M IFE

p

IL

"c
Ln

FIG. 5. Simplified recombination model for the lines C and
D: ICB is the indirect conduction-band minimum, IFE is the in-
direct free-exciton level, IBE is the indirect bound-exciton level,
and IL are the impurity levels. Eq is the exciton-to-impurity
binding energy and L~, LD are emitted intensities of IFE and
IBE, respectively. g is the generation rate and a, P, y, 5, and g
are transition-rate coefficients.

B. Recombination kinetics

In GaSe two main radiative recombination channels are
possible: (i) recombination at the direct and indirect gap
via free- and bound-excitonic states, and (ii) recombination
via impurity levels localized in the forbidden gap.

The importance of the direct recombination channel in
gallium selenide is due to the fact that the direct exciton is
resonant with the continuum states of the indirect
minimum M. ' In any case, the presence of impurity
states, low pumping power, and low temperature tend to
favor indirect recombinations. This fact is evident from a
comparison of Figs. 1 and 2, in which C and D lines are'
more pronounced in doped materials. The same con-
clusions can be drawn as far as temperature and pumping
power are concerned. '

The indirect channel is strongly influenced by impurity
levels as reported in Table I, which shows the change of
the exponent for the pumping dependence —Eq. (l) of in-
tegrated emission intensity of C and D lines. This change
can be justified by the kinetic model outlined in Fig. 5. In
developing the model we assume that in the steady state
electrons and holes, as well as excitons, obey a Boltzmann
distribution with a temperature T near to that of the crys-
tals. Then it is reasonable to assume that the fraction of
the optically excited carriers, which thermalize at the in-
direct band minimum, is proportional to the excitation in-
tensity. This hypothesis decouples the direct and indirect
channels and permits to consider them separately.

We describe the kinetics of indirect recombinations by
using three rate equations for the population of levels IFE,
IBE, and IL (see Fig. 5). The levels below IBE are lumped
together in the impurity states IL. The photoelectrons
thermalizing at ICB immediately bind to holes, thereby
forming excitons, or alternatively, they are trapped at im-
purity levels. Within this assumption, the ICB states are
considered only as an intermediate step, occurring very
rapidly. This hypothesis agrees with the fact that indirect
band recombinations have not yet been observed. Conse-
quently, in the rate equations for the states IFE and IL the

generation terms are written 5g and yg(N; n;),—respec-
tively (see the list of symbols below).

The factor (N; —n;) takes into account the limited num-
ber of impurity states, as compared with free-exciton
states, for which the generation rate is taken proportional
to g alone. Moreover, the fact that all photoexcited elec-
trons contribute very rapidly either to the free-exciton
population or to the fraction of the electrons trapped at
impurities, permits one to write the following condition

g =5g +yg ( N; n; ) . —
Then the resulting rate equations are

(3)

nfe

dt
nfe

+5g+ onb, exp
&fe kT

pnf, (N——nb, ) =0, (4a)

dnbe

dt

E—enbeeXP kT

+p(N —nb, )nr, ——0, (4b)

dn ~

=yg(N; n; ) —gn; =0—.
dt

The meaning of the symbols used in the above three equa-
tions is the following: nf, (nb, ), free- (bound-) indirect-
exciton level population; rr, (rb, ), free- (bound-) indirect-
exciton life time; a, p, y, 5, and g, transition rate coeffi-
cients; E&, indirect exciton to impurity binding energy; g,
fraction of nonequilibrium carriers thermalizing into the
indirect gap; N, total density of d2 impurity levels to
which indirect excitons bind; N;, total density of IL levels;
and n;, density of IL levels filled with electrons.

By solving Eq. (4), using the condition (3) and assum-
ing, reasonably, nbe &&N one obtains
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nb, g(1 y—N; )+ygLD=
+be '9+ M

—1

arb, exp( E—b /k T)
X 1+

rfe
(5)

where LD is the luminescence intensity of the D line (in-
direct bound-exciton decay).

From Eq. (5), it can be easily seen that the following
limiting dependences are possible when T is constant:

1
LD ~g when g &&rl ——N,.

y
'

y

LD ~g when g — N; &—&g && +,2 1

y y

rb,a exp( Eb/kT) »1, —

rb,a exp( Eb/kT) »rf—,PN,
one obtains

(Sa)

(Sb)

LD ~ exp(Eb/kT),

Lc const . (10)

In the same way, analogous results are obtained for the
direct recombinations of the free (line A) and bound (line
8) excitonic emission. The weak linear dependence on T
of Lc and Lz can be explained by the variation of pararne-
ters such as lifetimes and rate coefficients, which in the
above analysis have been assumed to be constant.

It is difficult to assess the validity of the approximation
used above to explain the temperature dependence of C
and D lines. In fact, no information is currently available
concerning the lifetime of indirect excitons and their tran-
sition rate at impurities in CxaSe. Consequently the above
approximations are to be mainly considered necessary con-
ditions required by experimental data.

1
LD ~g when rI ——N; & &&g .

. y
'

y

The interval of g in which the square dependence is possi-
ble is dependent on X; and becomes practically zero for
N; « 1/y, i.e., low-impurity concentrations, in agreement
with the experimental data of the D line reported in Figs.
3(a) and 3(b) and Table I.

At present, measurements are in progress on CxaSe sam-
ples doped with different impurity concentrations. The
preliminary results obtained confirm the above con-
siderations summarized in Eq. (6).

The same conclusion can be drawn for the indirect
free-exciton emission Lc which is given by

n„ 1+a exp( Eb/kT)rb, —
LC —— ——LD ccLD .

+fe pNrf,

Moreover, Eqs. (5) and (7) could justify also the different
temperature dependences of C and D lines reported in
Figs. 4(a) and 4(b), respectively, i.e., linear for the line C,
exponential for the line D. In fact, assuming

The condition (8a) implies that the bound-exciton disso-
ciation rate is much greater than the bound-excitation
recombination rate, which is reasonable at T) 80 K.
Moreover, taking into account the very short lifetime
(about 10 ' s) of the direct free exciton, this order of
magnitude is probably true also for the indirect one. Con-
sequently, the recombination rate of the indirect free exci-
ton is approximately greater than its rate of binding. This
means

nfe
& PNnf, (with N »nb, ),

&fe

i.e., pNrr, & 1, which together with the condition (8a) gives
the inequality (Sb).

C. Analysis of the extrinsic
luminescence bands

The lines E, F, G, H, R&, and R2 are due to radiative
recombination of trapped photoelectrons via intragap de-
fect states. R& and Rz are connected to the Cu doping,
and they can be ascribed to bound-bound transitions be-
tween the donor level d &, which is also responsible for the
bound-exciton 8 line and acceptor levels located at 31 and
93 meV above VB. The first of these levels is practically
coincident with the acceptor level found for Cu-doped
samples. ' Moreover, the intensity of R

&
and R2 have an

exponential thermal quenching with DE=30 and 91 meV,
respectively. This is an indication that the thermal activa-
tion energy of the luminescence intensity of these two
bands is equal to the ionization energy of a2 and a4 accep-
tor levels reported in Fig. 6.

The radiative recombination of an electron (trapped at a
donor) with a hole (trapped at an acceptor) will result at
an energy which will depend on the separating distance be-
tween the donor and acceptor. Moreover, it is evident
that this separation depends on the excitation intensity of
the crystal. Effectively, we have observed that increasing
the pumping excitation, the peaks of R& and R2 move to
higher energy and at the same time the two bands become
larger. However, this shift was only a few angstroms be-
cause of the small range of excitation intensity of this
work. In fact, in other semiconductors (GaP for example)
a variation of several orders of magnitude were needed to
get a shift of a few meV.

Concerning the lines E, I', G, and H, they are present
also in undoped crystals, although they are enhanced by
the doping. They can be explained (see Fig. 6) by assum-
ing transitions from the same levels d& and dz to the
valence band (E and H) and to localized states at 51 and
152 meV above the VB (F and G). Levels at about the
same energy have been detected by other authors (see
Table II and Ref. 27) by means of electrical transport
measurements in p-GaSe.

The attribution of the line E to a transition from a deep
donor level to the valence-band continuum is consistent
with its weak temperature dependence, at least up to 200
K. The sharp quenching above this temperature could be
explained by the predominance at these temperatures of
free-excitonic transitions. The lines I" and 6 have a AE of
51 and 153 meV, respectively; the same considerations
made for R

&
and R2 can be applied to them.
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GaSe(Cu) 80K

CONDUCTION BAND

p)qs ~DCB ~
2.098
2.093

2.075

2.050

1.998

+ 3.923

1.673—

0.152

I FE~

IBE

transitions R
&

and R2, which are absent in undoped sam-
ples.

The resulting level scheme of GaSe(Cu) is drawn in Fig.
6. In this figure, all the energy levels discussed above are
reported, but only the extrinsic transitions are indicated.
In Table II, the acceptor levels of GaSe(Cu) deduced by
the present luminescence measurements are compared
with those reported in the literature.

It is worth commenting briefly on the transitions be-
tween donor dz and acceptors a& —a4 levels which are
indeed possible in the scheme of Fig. 6. In fact, the
luminescence of the line H, which is explained by a
bound-free transition, is very weak (Figs. 1 and 2) and the
transitions connecting the same donor level d2 to localized
states a& —a4. are expected to have emission intensity com-
parable to that of the H band or smaller. These recom-
binations, if they exist, are in the infrared part of the spec-
trum and it should be very difficult to detect them, be-
cause the experimental apparatus loses sensitivity above
8000 A.

0.093

0.051 1~

0.031 g4
0.000

As far as the excitation-intensity dependence of extrin-
sic bands is concerned, they are all sublinear or at most
linear, as it is to be expected for transitions involving im-
purity levels. The most prominent features is the change
of their exponent from y=0.5 to y =1 for E and I' lines
(see Table I), going from undoped to doped crystals. This
fact can be qualitatively explained in a mariner similar to
that used for C and D lines, for which the competition
with impurity transitions raises the exponent. In this case,
this role could be played by R transitions, which start
from the same level d& as the transition E and I' do, i.e.,

TABLE II. Acceptor level energies deduced from the present
work and comparison with those published by other authors.

Acceptor Present work

Levels (meV)

Comparison with acceptor levels
of other authors

(Refs. )(meV)

VALEN

0
j I

t' WAVE VECTOR (k) M

FICx. 6. Energy-level diagram of CxaSe(Cu) at 80 K. The en-
ergies are measured from the top of the valence band (VH) to-
ward the conduction band (CB). The extrinsic recombinations
are indicated. DCB is the direct conduction-band minimum,
DFE is the direct free-exciton level, and DBE is the direct
bound-exciton level. d~ and dz are donor levels and a& —a4 are
acceptor levels. The other symbols have the same meaning as
those reported in Fig. 5.

V. CONCLUSIONS

The photoluminescence measurements carried out in
GaSe and GaSe(Cu) in the photon energy range from 1.5
to 2.1 eV show the same lines in the intrinsic part of the
spectrum, including direct and indirect excitonic emis-
sions. On the other hand, the PL spectra of the two types
of samples are different concerning radiative transitions in
the forbidden energy gap, where donor-acceptor levels are
involved. The comparison of spectra in undoped and Cu-
doped crystals shows that two of the acceptor levels (a2
and a4 of Fig. 6) are directly connected to the Cu doping;
the other energy levels including the donor states d~ and

, d2 could be linked to the defects which are present in
GaSe crystals and which are enhanced by the doping.
Moreover, the indirect channel recombination is strongly
influenced by the density of the impurity levels present in
the crystals.

The analysis of the spectra as a function of temperature
and excitation intensity permits one to obtain a possible
scheme of the donor-acceptor levels located in the forbid-
den energy gap of GaSe and involved in the radiative
recombination observed in this work. The recombination
model introduced explains the different temperature
dependence found for the intrinsic lines: linear for the
direct and indirect free-excitonic emissions; exponential
for the direct and indirect bound-excitonic lines. Further-
more, this model also accounts for the excitation-intensity
dependence of the luminescence of the free- and bound-
excitonic emissions. This dependence is connected to the
density of the impurity levels in the crystals. In fact, the
linear behavior of these two last lines found in undoped
samples becomes quadratic in doped crystals.

a&

az

a3
a4

152
93

51
31

150
86

100
50
30

28
27
19
27
19
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