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Pressure dependence of shallow acceptors in Cu@G3,Se _,), alloys
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The effects of hydrostatic pressure on the binding energies of shallow acceptors ifSC3&a,), are
presented and discussed. The endfgydecreases with pressure at a rate-of.6xX 10" * eV GPa ! for x=1
and —9.2x10 * eV GPa! for x=0.5. These results can be understood in terms of effective-mass theory,
because shallow levels are dominated by long-range forces which are much less sensitive to the interatomic
separationpressurg [S0163-18208)06243-2

[. INTRODUCTION less certain. However, the triple degeneracy ofgHike I';5
valence band in zinc-blende compounds is completely lifted

The quaternary chalcopyrite alloys are very promisingin chalcopyrite materials under the simultaneous influences
materials for photovoltaic applications. This is mainly be-of spin-orbit interaction and the uniaxial crystalline field;
cause these alloys offer a wide range of energy-band gag¥ence the binding energy of the shallow acceptors are only
and lattice constant parameters which can lead to the utilizeaffected by the heavy-hole valence band.
tion of tandem cell structurésThe system CuG&(Sq_X)Z' Therefore, in the present work, we report on the OptiC&'
which shows a single-phase solid solution over the wholgbsorption study near the band gap of the Gi8z88 )
composition range and a continuous variation of structurélloys as a function of pressure up to 15 GPa at 300 K. From
and electronic propertigshas received considerable atten- the analysis of the results, by using a model which allows us
tion. to identify the acceptor states, the pressure dependence of the

The fundamental absorption edge of these compounds &inding energies of the acceptors levels were obtained. For
low temperatured as well as a function of both temperathire the shallow acceptors, the pressure derivatives of the binding
and pressuré has been reported in the literature. It is alsoenergies are over an order of magnitude smaller than those of
well established that excitons play an important role in dethe energy gap These results can be understood in terms of
termining optical properties at low temperatdrgince elec- effective-mass theory.
trical measurements can determine only the most active shal-

low dgfect state parameters, information labout the defect Il EXPERIMENT
levels in I-11I-VI, compounds has been obtained mainly from
photoluminescence measureméhtdowever, in such mea- CuGdS,Se _,), samples were grown by the chemical-

surements it is not easy to identify the different transitionsyapor transport method, as described elsewhdtee x-ray
and for this reason discrepancies exist in the literature abowtnalysis of Debye-Sherrer powder photographs indicates the
the nature and origin of these levels. presence of a single phase with the chalcopyrite structure
Although pressure studies of the bulk properties of semi{142d). All these samples, as observed by thermal probe,
conductors are extensive and have contributed substantiallyerep type conducting.
to our understanding of this class of materials, relatively The samples used were prepared by mechanical lapping
little pressure work has been done on impurity and defecand polishing on both sides of the platelets and later broken
states of this class of materials. Shallow-donor levels irinto small pieces of the required dimensions for the pressure
semiconductors of groups 1V, IlI-V, and 1I-VI are generally chamber(transverse dimensions of about 1afh). In order
well understood, and their properties are satisfactorily de- to determine as precisely as possible the thickness of the
scribed within the framework of effective-mass theory. Com-samples, two independent procedures were used. In the first
parisons of the pressure dependences of deep and shallgwocedure, a scanning electron microscaftachi S-2500
levels can provide interesting physical insights. In fact, thewas used. With this technique, the thickness of a sample
magnitude of the pressure dependence of the binding energypuld be measured with a precision ©fL%. In the present
of a level is an excellent means of distinguishing betweerexperiment, the thickness of the sample was 20+1%.
shallow and deep levefs’ Another method is to determine the thickness from the first-
For the shallow acceptors in semiconductors of the cubiorder interference pattern obtained by means of the well-
groups IV, lll-V, and 1I-VI, the situation is complicated by known relation Zid=k\, whered is the thickness of the
the complex nature of the valence band, leading to the presample,\ the wavelength of the interference maximum of
ence of both light and heavy holes. This makes the interpresrderk, andn the refractive index ak. For the calculation,
tation of the pressure dependence of the ionization energyalues ofn as a function of wavelength reported in Ref. 10

0163-1829/98/5@0)/136546)/$15.00 PRB 58 13 654 ©1998 The American Physical Society



PRB 58 PRESSURE DEPENDENCE OF SHALLOW ACCEPTORS I. . 13655

were used. In this way, the thickness of a sample was mea- 1.0
sured(d=20%+2 um).

Optical-absorption measurements were performed in a 0.9 T
gasketed diamond-anvil ce(DAC) with a 4:1 methanol-
ethanol mixture as the hydrostatic pressure medium. This 08 i
mixture retains fluidity up to 10 GPa. The pressure was de- o7 |
termined to within=0.1 GPa by using th&; line shift of a )
10-um ruby chip placed close to the sampteThe maxi- 3 06 |
mum pressure gradient across the gasket hole was less than g
0.1 GPa, as checked by measuring the pressure distribution E 05 i
with several ruby chips. 2

The transmittancd =1/1, was measured by the sample- & 0.4 g
in—sample-out method,is the intensity transmitted through
the sample, andl, the light from the quartz-iodine tungsten 0.3 .
lamp, which is measured through the pressure-transmitting
medium in the cell, near the sample, by moving the DAC 0.2 ]
perpendicularly to the beam. In order to prevent errors due to
light diffusion in the cell, we used a two-pinhole system. The 0.1 T
first one is used to make a small light spot in the ¢&lk30 . . .
um). The second one, placed between the cell and the spec- 0'023 24 25 26 27 28
trometer, ensures that only light coming directly from the ) ’ lénergy (e‘;) ) |

central part of the spot area is analyzed. This method reduces

stray light (Tn,) down to 8.0<107%. FIG. 1. Solid line: Representative transmission spectra of
At low energy, far below the absorption edge of theCuGa$ at 2.5 GPa. The FP interference pattern is clearly observed.

sample, a nonzero and constant value for the apparent abashed line: the apparent transmittance value used to calculate the

sorption coefficient is found. This is a general case in opticafactor a to fit the theoretical transmittance far=0.

measurements on transparent crystal samples, and comes

about for various reasons: imperfections of the crystal, dif-and

fusion at the interfaces, etc. In the low-frequency region,

where the samples are known to be transparent, the apparent 1

transmittance iz corrected by a constantpfactor ato [erE) the @= a{z In(1=R)— In[a(T =T I}, &)
theoretical transmittance far=0. This factor is experimen-

tally determined for each pressure and sample by measuriﬁﬁ'th

the low-energy constant transmittance region. n—n, |2

The nonpolarized transmitted light was analyzed by a R=
simple Spex monochromat@®.22 m yielding a linear dis-

. 71 . . _
persion of 1 nm mifi" in the first order. The secand-order wheren is the refractive index of the sample, the refrac-

radiation diffracted from the 1200-lines mi grating was tive index of the methanol-ethanol pressure-transmitting me-

eliminated by using adequate filters. The radiation was deaium,Tthe experimental transmittancethe correction fac-

tected by a pho_tomultlpller whose signal was processed Wltrt1or, andd the thickness of the sample. It should be noted that
a photon counting system.

. o the correction due to the stray lighT {;,) has been taken
Representative transmission spectra of CuGFagasured into account in the high-energy, low-transmittance region.

at 2.5 GPa is shown in Fig. 1. This is a typical transmissionThe refractive index of methanol-ethanop(P) has been

spectrum .Of a semicondu_ctor with para!lel surfaces WhiChextrapolated from the results of Ref. 12 with the Clausius-
forms an interference cavity where light is reflected at eaC'Mossotti law '

surface many times. These multiple reflections yield Fabry- For the calculation. values of at 300 K as a function of

Perot(FP) fringes in either transmitted or reflected light. In wavelength, reported in Ref. 10, were used. For the pressure

the low energy region, the FP interference pattern is clearl éapendence of the refractive index we used the values re-
ggzg:\éﬁgnar;z;elsappear atabout 2.52 eV due to the Ir'terba?)orted in Ref. 13, calculated from the first-order interference

Finally, the absorption coefficietis calculated from the pattern obtained at room temperature. Final errors in the ab-

sorption coefficiento due to errors in the determination of

transmittance in the absence of interference fringes, and the refractive index of methanol-ethanol and the sample and

n+ng

given by in the experimental transmittance are less than 2% for 100
| (1-R)2%eod cm 1<a<2500 cm'*; these limits were set by the thickness
T (1)  of the sample.
0 - e
if ad>1: then lll. RESULTS AND DISCUSSION

| Absorption spectra of CuGa%nd CuGaSSe at different
T=—~(1-R)% ) pressures are shown in Figs. 2 and 3, respectively. An addi-
lo tional shoulder near the fundamental absorption edge
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- . well-defined edge of the valence band and a discrete level,
the transition between a defect level and the band involves
the whole band of levels. Hence such a transition should
manifest itself as a shoulder in the absorption spectra having
a threshold lower than the energy gap by an amoui, of*

The various intensities of the absorption due to the shal-
low levels observed in Figs. 2 and 3, respectively, are caused
1 by two effects:(i) Because the diameter of the light in the
sample is about 2um, it is generally very difficult to be
| sure that measurements at each pressure were done in the
same region of the sampl@i) Even if the cell and the mi-
croscope objective are moved by tK&'Z translation stage
until a good focus is obtained under pressure, this parameter
is very critical and may change the intensity of the light
. transmitted through the sample.

8 Assuming, in the case of a direct-gap semiconductor with
parabolic bands, that the defect states are shallow, discrete,
and nonoverlapping, the absorption coefficient for the
acceptor-state-to-conduction-band transition is givel? by

[

(S

[y

Absorption coefficient ( 10° cm'l)

0 L
24 2.5 2.6 2.7 2.8 29 3.0 C ( hy— EI )1/2
Energy (eV) a( h V) = - 40 (4)
me
FIG. 2. Shift in the absorption edge with hydrostatic pressure for hv| 1+ " (hv—E))
CuGa$ (x=1). (1) P=0.0 GPa.(2) P=0.2 GPa,(3) P=1.0 GPa. Mp Ea

4) P=1.9 GPa.(5) P=2.5 GPa.(6) P=3.7 GPa.7) P=4.5 GPa. - ; indi
28; i Gpa.( ) ©®) @) whereE,=E;—E,, E, is the acceptor binding energmg

andmy are the effective masses for the electrons and holes,

. . . . respectively, andC is a constant nearly independent of en-
can be observed in the curves. This _reS|duaI absorpthn o Srgy. For the valence-band-to-donor-state transition, one
served near the fundamental absorption edge at energies b@dtainés

low the exciton absorption is probably related to transitions
between shallow acceptor or donor levels and the bands.

These transitions occur at a photon energy which is given by a(hv)=D(hv—E,)¥2 >} 7
hv=E,—E,, whereE, is the binding energy of the impu- i=Ih.hh 1+ m (hv—E,)
rity. Unlike the exciton absorption which occurs between the moEp R

)
7 2 where E,=Ey4—Ep, Ep is the donor binding energy, the
il B 4 s sum is taken over the lighth) and heavyhh) holes, and
6 - 4 is a constant, again nearly independenhof
The acceptor and donor concentrations of the sample can
be estimated from the values of the constadtand D ac-
cording to the relatiors

(m; /mg)372

wn
T
~
1

C=512rehv(P)2(Ny— Pp)/ncmp(mpEx/mg)®2,  (6)

E'N
T
>
1

D =256mehv(P)?(Np—np)/ncnf(meEp /mg)¥2, (7)

wheren is the refractive index¢ is the vacuum velocity of
light, andN,— P, and Np—np are the numbers of unfilled
acceptors and donors, respectively) is the average inter-
band matrix element of the momentum operator.

The absorption linewidth between transitions involving
1+ . acceptors calculated by using Ed) give a broad absorption
band, whereas those involving donEsy. (5)] correspond to
/ . . . 1 . sharp-line spectra. This effect is meanly related to the elec-
02.0 21 22 23 24 25 26 27 28 tron effective mass in the direct-gap com_pqunds, whlc_:h is
generally smaller than the hole mass, giving a relatively
large curvature to the conduction band and a relatively small

FIG. 3. Shift in the absorption edge with hydrostatic pressure fo€Xtend ink (wave vectoy to the donor state.

CuGaSSe(1) P=0.3 GPa.(2) P=0.6 GPa.(3) P=1.1 GPa.(4) Therefore, the experimental impurity absorption was fit-
P=5.0 GPa(5) P=6.8 GPa.(6) P=8.0 GPa(7) P=10.1 GPa(8)  ted at each pressure by using Ed), with C, E;, and
P=12.8 GPa(9) P=15.7 GPa. mj/m}E, as adjustable parameters. The pressure depen-

w
T
1

Absorption coefficient ( 10° cm’l)
[
T
1

Energy (eV)
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FIG. 4. Spectral dependence of the acceptor to conduction-band FIG. 5. Pressure dependence of the binding energy of the shal-
transition(curve 1 for x=1. low acceptor for CuG&,Se _,), samples.

dence of the energy gap was published previously in Ref. Slefinitely state thaE, decreases with pressure, i.e., the ac-
and is reported in Table I. For illustrative purposes, in Fig. 4ceptor level moves slightly closer to the valence band, with
we plot separately the theoretical curves related to th@ressure coefficients which are over an order of magnitude
acceptor-level-to-band transitidourve 1 for CuGa$s at P smaller than those of the energy gra]ihus these levels re-
=0. The resulting pressure dependence of the binding enemain essentially pinned to the nearest band edges, as ex-
gies of shallow acceptors are presented in Fig. 5 for CyGaSected from the effective-mass the&ry;hallow, hydrogen-
and CuGaSSe. A least-squares fit to the experimental datke impurity levels show a decrease in activation energy
gives with an increase of acceptor concentratidd,]. With an
acceptor-type impurity, the decrease should vah‘? as
EA(P)=Epo—DbP, 8 s
where Epo=1.15<10'eV and b=4.6x10"%eV Ea=Eag ™ AN, ®

-1 — — 2
GPa” for CuGa$, and Ex=6.54x10"“eV and b whereE,_is the activation energy at the dilute limit of ac-

=9.25x10"* eV GPa” for CuGaSSe. ceptor concentration, ang3 was estimated to be 2.4
In the case of CuGaShe acceptor ionization enerdgy, + 108 eV cm for CuGas® The value OfEAO can be cal-

=115 meV obtained at normal pressure is in good agreemernit . )
with those values obtained from the electrical properfies, culated by using the hydrogenic model
luminescencd,and optical absorption at low temperatdre.

The chemistry of intrinsic defects in ternary Cu-lll-Mtom- Ea,=13.6 my/mo)/ &4, (10
pounds has been discussed by several authors, and it has

been suggested that the copper vacaty,( appears as the wherem;, is the effective mass of the heavy holes, agds
common accepto”r.s'16 As observed from Eq(8), we can the static dielectric constant. Therefore combining E§3.

TABLE |. Parameters used to fit Eqd1), (12), and(13) in CuGa$ and CuGaSSe.

Eg dEg/dP EA BO V(O) d80/dp [N

(eV) (x102%2evGPal) (ev) (GPa  Bj  (X10 *cn?) g0 (GPaly mfimg (X109
CuGa$ 2.5 4.5 0.11% 876 3.1 300.09 824 —0.06Ff 069 3.344
CuGaSSe 23 5.12 0.068% 795 4 321.9 925 —0.064  0.647 11.73P

8Reference 5.

bThis work.
‘Reference 13 and 17.
dreference 18.
®Reference 16.
fReference 19.
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0.85 T T T T T T m* ( P) 82 n 1/3
:no :Foﬁ EA+B(VA) } (13
0.80 1
T =300K
The resulting pressure dependences of the hole effective
075 1- CuGaS, ] mass are presented in Fig. 6 for CuGa®d CuGaSSe, re-
R 2- CuGaSSe spectively. A least-squares fit to the experimental data gives
0.70 .
S m} (P)=m} (0) — aP, (14
v 065 1
) wheremy, (0)=0.696 anda=0.012 GPa! for CuGa$ and
0.60 ] my (0)=0.642 anda=0.013 GPa’ for CuGaSSe.
The obtained values for the derivatives of the hole
0.55 § effective-mass under pressure for Cugasd CuGaSSe, re-
spectively, are in agreement with the values reported in Ref.
7.
0.50 g

In either case, it is seen that the decreaseEgfwith
pressure for the CuGa%nd CuGaSSe samples are domi-
045 ) ' ' : ' ' nated by the pressure dependeridecreaseof m} . The
decrease iz, with pressure leads to an increasedg, but
this effect is more than counterbalanced by the pressure de-

FIG. 6. Pressure dependence of the hole effective mass fdpendence o) and (A/V).

CuGdS,Se _,), samples. In the case of the CuGagsamples x=0), we do not
observe the residual absorption near the fundamental absorp-
and (10) and usingNa=n,/V, wheren, is the number of tion edge. It has been reported in the literature that the bind-
the acceptor impurities and the volume of the unit cell, we ing energy of the shallow acceptov{,) in CuGaSe is of
obtain the order of 30—40 me¥ .Therefore, at 300 K this level is
almost ionized, and contributes to the broadening of the ab-

Pressure (GPa)

1/3
n .
EAzls.am;/mo)/sg—ﬁ< v ) . (17 ~ Sorption edge.
The value ofn, at normal pressure is calculated using rela- IV. CONCLUDING REMARKS
tion (11) with the values ofE,, mf, o, andV. Typical )
values are given in Table | for CuGa@nd CuGaSSe, re- In this work we have presented the effects of pressure on
spectively. From Eq(11), the pressure dependence Bf a shallow acceptor level in CuGa8nd CuGaSSe. From the
can thus be understood in terms of the changasijn ¢ results, the pressure dependence of the binding energies of

andV. The experimental value of the pressure coefficient ofi€ acceptors are presented and discussed. The obtained val-

the dielectric constant is reported in Ref. 13 and tabulated /€S @re over an order to magnitude smaller than those of the
Table 1, and that ofE, is given in Eq.(8). The pressure Pressure dependence of the energy gap. These results can be

dependence df is given by the Murnaghan equation of state Understood in terms of effective-mass theory.
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