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RESONANT RAMAN SCATTERING IN GaSe and GaS Sel x -x 

* § T.C. CHIANG, J. CAMASSEL , J.P. VOITCHOVSKY and Y.R. SHEN 

Department of Physics, University of California and, 

Materials and Molecular Research Division, 

Lawrence Berkeley Laboratory, Berkeley, California 94720 

Multiphonon resonant Raman scattering up to four phonons in Ga Se 

and one and two phonon resonant Raman scattering in the mixed Ga Sx Se l_x 
crystals with x ~0.23 have been investigated. The results can be explained 

by a simple theory in which the dispersion of the resonance behavior is 

mainly dominated by resonances with the Is direct exciton state. 

I - INTRODUCTION 

Resonant Raman scattering (RRS) around excitonic transitions in 

solids has been a subject of extensive investigation in recent years (I). 

Among the various semiconducturs, the layered GaSe and mixed GaS Sel . x -x 
crystals seem to be particularly worth studying. They have direct ~s well 

as indirect exciton states near the band gap with relative positions varying 

with x. In this paper, we present : i) recent measurements on multiphonon RRS 

up to four phonons in pure GaSe and ii) one and two phonons RRS in GaSx Se l _x 
with x < 0.23. 

The layered compounds GaS and GaSe form a continuous series of mixed 

crystals GaS Se l with 0 < X ~ I (2). The crystals structure show three .x -x ' 
different types of stacking of the layers which have been described in the 

1i terature (3). 
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Optical studies including absorption (2) (4) ,reflection (5) and photolumincscer;ce 

(2) (6) have been reported recently. It was found that in each mixed crystal 

GaS
x 

Se
l
_x at liquid N2 temperature, there exist a direct exciton at (7) : 

( I ) 2.102 + 0.728 X (eV) o < X < .... 0.2 

with a binding energy of 20 meV, and an indirect exciton at (7) 

(2) w. (X) 
IX 

2.064 + 0.520 X (eV) o < X < 0.2 ... 

wi th a binding energy of 'V 35 meV. For o < ... X ~ 0.25, these exci tonic transi-

tions fall within the tuning range of rhodamine 6 G, rhodamine 110 and 

coumariQe 6 dye lasers and hence RRS measurements around these transitions 

can be done fairly easily. 

The phonon modes of GaS Se
l 

have been studied by infrared (8) 
x -x 

and non-resonant Raman spectroscopy (8)(9).Corresponciing to change in compo-

sition of the mixed crystals, some phonon modes show the two-mocie behavior, 

while others show either the one mode or the local mode behavior (9). It IS 

interesting to see how the various modes behave as the exciting laser 

frequency varies around the excitonic transitions. Such study has already 

been reported in pure GaSe crystals (10). The 1\2,,(2) (LO) mode at 2/.7 cm- I 

and E'(2) (LO) modl~ at 255 cm- I respectively show a strong resonance enhancement 

while the two AI' modes at 135 and 310 cm- I show much less apparent resonant 

behavior as the exciting laser frequency approaches the'directexciton. 

The strong enhancement of the two LO modes (unresol Vl'd in mixed, crys tals wi th 

X > O. I) IS presumably due to the Fr~lich interaction between LO phonons 

and excitons. In particular, the E,(2) (LO) pbollon (255 cm- 1
) appears to couple 

most strongly with the exciton states. As a result, He weXe able tu observe 
(2) 

mUltiphonon modes up to four phonons inv01ving E' (LO) in pure CaSe and 

2E' (2) (LO) modes In the mixed crys t.als. 
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II - EXPERIMENTS AND RESULTS 

Our experimental set up has been described elsewhere (I). Monocrystalline 

samples of GaS Se
l 

with X=O, 0.05, 0.12,0.17 and 0.225 were grown by the . x-x 
Bridgman technique. Back scattering from a polished surface parallel to C was 

used in the measurements because of the larger oscillator strength Ln this 

configuration (II). In order to reduce the luminescence background to a tolerable, 

level without appreciably broadening the eXel ton linewidths, the samples were 

immersed in liquid N2 during the measurements. 

Our experimental results are presented in Figs. 1,2 and 3. Figs. I and 2 

give the RAMAN cross sections of the one and two phonon E,(2) (LO) modes respec­

tively, as functions of laser frequency and sample composition. Fig. 3 gives 

the Raman cross sections of the 3E,(2) (LO)j 2E,(2) (LO) + A'I (310 em-I); and 

4E,(2) (LO) modes of pure GaSe. All data points have been corrected for absorption 

according to the following formula (10). 

(3) 

- e 

where OR is the corrected Raman cross section,o the uncorrected Raman cross section 

normalized over the laser power; aI' R
I

, a , R are the absorption coefficients 
s s· 

and sample reflectances at the laser frequency and the scattered photon frequency 
. -I 

respectively; d is the sample thickness. The factor 3.93 em takes account of 

the finite collecting depth of our lens. The absorption curve for GaSe was taken 

from Ref. (10) and those for the mixed crystals were measured in our laboratory. 

The observed Raman shifts of the IE,(2) (LO) and 2E,(2) (LO) modes for X = 0, 0.05 

0.12,0.17,0.225 and the shifts of the 3E,(2) (LO), 2E,(2) (LO) + AI' (310 em-I) 

and 4E' (LO) modes for pure GaSe are given in Table I. All numbers are within! I 

accuracy. 

III - THEORY 

-I em 

To explain our results, we use a si~ple cascade theory (12). We assume (13) 

the following absorption emission processes (in decreasing order of importance) 

dominating in the n-phonon RRS. : 
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I) Incoming photon at wI excites an electron hole (e - h) pair in the 

band continuum. The e-h par then decays into the k:; 0 Is direct exciton by 

successively emitting n phonons. The direct exciton finally recombines and 

emits a Stokes phot,n at W • 
s 

2) Incoming photon excites an e-h pair 1n the band continuum. The 

e-h pair decays into a k * 0 Is direct exciton state by successively emitting m 

(I ~ m ~ n - I) phonons. The direct exciton then recomibnes by an (n - m) phonon­

assisted transition and emits a Stokes photon. 

3) Incoming photon exci tes the k'~ 0 Is di rect exci ton. The direct 

exciton then eitheir recombines by an n phonon-assisted transition or decays 

into the Is indirect exciton by emitting a phonon and the resulting indirect 

exciton recombines by an (n-I) phonon assisted transition. 

Since the absorption curves of these crystals are rather flat 

immediatly beyond the direct exciton absorption peak, we can assume the 

dispersion of the RRS curves is mainly due to resonances with the exciton states. 

The one-phonon cross section can therefore be written approximatly as a direct 

product of 2 resonant terms for i) the incident and ii) the scattered photon 

energies: 

(4) 

a(~) describes the direct exciton absorption peak deduced from the absorption 

measurements and AI' BI and CI are constants. The solid curves in Fig. J were 

actually obtained from Eq. (4) using AI' ill and CI as adjustable parameters. 
. -I -I 

The non-resonant terms 8
1 

and C
I 

were s~t equals to 650 em and 500 cm 

respectively for all the five crystals; !\l is merely a llonnalizjng constant. 

Our curves fit the experimental data points very well and "a posteriori" confirm 

the domination of the Is direct exciton. 

By assuming all resonances hav~ the Lorentzi~n lineshape, we can also 

write down the approximate analytical expression for the two phonon Raman cross 

section as 
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(5) oR (ZWph) = AZ [(WI - W )-dx ZW
ph

) 
Z 

+ rZJ -I + 
do BZ F (wI -wdx·-wph,rd) 

'+ [CZ 
F (wI - W h,r.) + DJ [(WI -

2 ZJ -I - w. w
dx

) + fdo 1.X p 1. 

For 3 phonon RRS, we have : 

(6) (2 +') A [( -w - 2w _ , ) 2 + oR Wph W ph = 3 wI dx ph W ph rdo 
2] -I 

For 4 phonon RRS, we have 

In the above expressions, A., B. t C., D. are constants to be used 1.1. 1. 1. 
as adjustable parameters jW h' wd ,w. are the frequencies of the optical phonon, 

p x lX . 
direct exciton at k = 0, and indirect exciton at the bottom of the indirect 

exciton band respectively j rd and r i are the damping constants for the direct 

and indirect excitons respectively with rdo reserved specifically for the 

k = 0 direct eXCiton.I::e function F has the form 

(8) F (6w , r) = yl/2 (6w y)2 + rZ) -} dy 

where Y is a somewhat arbitrary cut-off chosen as 3/2 times the exciton binding c 
energy. The value of r do for each crystal is deduced from the corresponding 

absorption curve rd and r i are taken to be 2 fdo' (Dependence of theoretical 

curves on rd and fi is not critical). For pure GaSe, the separation between direct 

and indirect exciton states is fairly close to the phonon frequency involved. 

Accordingly, we can drop the non-resonant D2 term in Eq. (5). For the mixed 

crystals, it is however more appropriate to drop the C2 term. 
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The solid curves in Fig. (2) w~re obtained from Eq. (S) with A2 : B2 : Cz : D2 G 

12 : 1 : 10 : 0; 5 : 1 : 0 : 12; and 12 : 1 : 0 : 22 for X'" 0,0.12, and a.17 

respectively. The solid curves in Fig. 3 were ob'tained from Eqs. (6) and (7) 

wi th A3 : B3 : C
3 

'" J 2 : I : a.2 and 20 :) a: 2 for 3E' (2) (LO) and 2E' (2) (La) + 
-J 

A
j

' (310 cm ) modes respectively; and 1\4 B4 : C
4 

: = J2 : I : a.2 for the 

4E,(2) (La) mode 1n pure GaSe. 

It is seen that the solid theoretical curves in Fig. 2 deviate 

from the experimental data at the low energy tail. This is because we have assumed 

~ Lorentzian lineshape for all the transitions involved. If we replace the 

Lorentzian function in Eq. (5) and (8) by the observed lineshape a <w, r) of the 

direct exciton absorption peak, with r still being the halfwidth, the theoretical 

curves remain essentially unchanged for WI > wdx' but change into the dashed 

curves for WI < wdx' The agreement between theory and experiment is then 

very good. The near-Gaussian line shape of excitonic transitions could be due 

to inhomogeneous broadening. 

The theoretical curve for GaSa.22S-ScO.775 in Fig. 2 was obtained with 

the super ..... posi tion of another Loren tzian type resonance at tt)l - W' with r. .. 24 me 
- 1.X 1.0 

It then describes the experimental results satisfactorily. This indicates that direct 

laser exci tation of the indirect exei ton is also operative in RRS al though the 

contribution is relatively weak. The same resonance peak ~t WI :: wix was seen in 

the raw data of HRS in the other crystLlls, but after absorption correction was 

masked off by the much stronger direct exciton resonance. This is presuciably 

because the separ3tiou between direct and indirect excitons in tll€se crystals 

is too small. Although momentum conservation forbids the direct excitation of indi­

rect excitoIls, stacking faults ill tile crystal~; can casily induce such a process (10), 

The Ce:1"" ttl. resonance should also appear ill the one-phonoll RI{S in C:.JS Se I 
IX S -x 

It \v:l~; indeed observed in the raw data as a shoulder on the strong resonance tai.l, 

bUl b02l:ame invisible! after absorption correctil)l1. 

IV - CONCLUSION 

.. ~ 

The gooJ agreements between theory and expf;~riment 1 n Figs. J,2 ':llId J shows 

th:.Jt the dispersion of RRS in GaS Se is indeed dominated by reson;mces with 
x I-x 

thi.:! exciton states. List the weak eViUl'ltCe found ill lilis ~"oJ."k for indirect transi-

tions makes questionable the use of i{!\S as .1 probe for illdirL'!ct gaps when they 

merge with a strollg excitonic struc:tu:-.:; . 
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E 1(2) (LO) 
I 
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I 

I 
I 

2 E 1(2) (LO) 510 509 504 500 499 

N 

3 E 1(2) (LO) 767 

2 E I (2)+ AI 

I 821 

.' 

4 E 1(2) (LO) 1018 

-- --- --- ------ ---~- .. - ------

TABLE 1 Raman shift for various one and multiphonon modes in GaS Se
I 

• x -x 



FIGURE I 
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FIGURE 2 

FIGURE 3 
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Raman cross section of the E,(2) (La) mode as a function of laser 

frequency.O.6.00and 6. are data points for GaS Se
l 

with 
x -x 

x - 0, 0.05, 0.12, 0.17 and 0.225 respectively. Solid curves are 

obtained from theory in the text. 

Raman cross section of the two phonon 2E,(2) (La) modes as a fUllction 

of laser frequency. 0 .6..0 0 and 6. are data points for GaSx Si I-x 

with x = 0, 0.05, 0.12, 0.17 and 0.225 respectively. Solid and 

dashed curves are obtained from theory in the text. 

Raman cross sections of the three and four phonons modes of pure GaSe 
0: 3E,(2) • 2E,(2) + Al (310 ,'m- I) A 4E' ,(2) 

- L..l Solid curves are 
obtained from theory in the text. 
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