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Abstract: The influence of stacking disorder on the optical properties of layered GaSe crystals is
discussed. X-ray analyses show that GaSe crystals grown with Bridgman method consist of a mixture of

two modifications (b, d). In sample of d-modification part, anomalous refraction by one of various lights
is observed (He-Ne, Dye, YAG: Nd+3 lasers and collimated beam). The incident light is perpendicular to
the surface of the sample; contrary to passing always along the incoming direction, it splits to two parts

making angles of 13°and 70°. In transmission and photoconductivity spectra of the b-modification, free

exciton absorption exists, whereas this peak is absent in these spectra in d-modification part samples. In
thin film GaSe, which is obtained by thermal evaporation method and is sprayed under a corner, laser
beam is also refracted anomalously. Besides, the high photovoltage (~30 V) is observed in these films.
The result of the measurements on GaSe indicates that the mentioned properties are explained by
stacking disorder of the layers.

1. In tro duc tion

Gal lium selenide is a layer semi con duc tor of the III-VI fam ily, where each layer con tains
two gal lium and two se le nium close-packed sub-lay ers in the stack ing se quence
Se-Ga-Ga-Se [1]. The bond ing be tween two ad ja cent lay ers is of the weak Van-der Waals
type, while the bond ing is pre dom i nantly co va lent within the layer. The op ti cal c-axes of
crys tals are or thogo nal to the lay ers, hav ing thick nesses of 0.8 nm [2]. De pend ing on the
pack ing of the layer, var i ous mod i fi ca tions are formed (d, b, e and g), in which the po si tion
of band edge is de ter mined by interlayered in ter ac tions. The real crys tals of the com pounds 
are of ten rep re sented in form of a mix ture of var i ous mod i fi ca tions, in which the vi o la tion
of lay ers joint char ac ters on the bound aries of sep a rate mod i fi ca tions oc curs. Be sides, the
weak ness of interlayer bond ing prac ti cally al ways re sults in a dis place ment of group of
lay ers against each other and self-or ga ni za tion of pack ing de fects. Such self-or ga nized de -
fects of pack ing re sults, in turn, in vi o la tion of pe ri od ic ity of the po ten tial along the crys tal -
lo graphic c-axis and an ad di tional one-di men sional fluc tu at ing po ten tial in this di rec tion
acts on the crys tal. It has been shown that the stack ing dis or der pres ent in layer crys tals
GaSe has a strong in flu ence on the elec tronic, photoconductivity prop er ties and Wannier
excitons [3-8]. The ex per i men tal re sults for the DC dark con duc tiv ity, which was mea -
sured for GaSe, show a strongly tem per a ture-de pend ent ani so tropy

s s|| / exp( / )^ = -A E kTD  ,
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where s|| and s^ de scribe the con duc tiv ity par al lel to or per pen dic u lar to the crys tal lo -
graphic c axis, re spec tively. A is of the or der of the ef fec tive-mass ra tio of the holes

m^/m|| = 4 and DE is the sam ple-de pend ent pa ram e ter of the or der of 10-100 meV. It is
found, that in the pres ence of stack ing dis or der, the excitons are con fined to a fi nite num ber 
of lay ers. The ab sorp tion spec tra GaSe turn out to be strongly sam ple de pend ent. The va ri -
ety of ab sorp tion spec tra ob served in GaSe can be re lated to the dif fer ent stack ing or ders
oc cur ring in this ma te rial.

In the pres ent pa per in flu ence of stack ing dis or der on the op ti cal prop er ties GaSe has
been in ves ti gated ex per i men tally. There fore, in this work, we grew this crys tal by the
Bridgman tech nique, an a lyzed its struc ture by the X-ray method, mea sured the trans mis -
sion and photoconductivity spec tra and fi nally, we stud ied the in flu ence of stack ing dis or -
der on these pa ram e ters.

2. Ex per i men tal Pro ce dures

The in ves ti gated crys tals GaSe were grown by the Bridgman method. Ker nels Ga and Se 
(with pu rity of 4 or ders) with ac cu racy of 1 mil li gram have been taken in stoichiometric ra -
tio. At first ker nels Se and then Ga have been shat tered and filled in a quartz am poule. The
am poule has been pumped out, sealed and placed into the elec tric heater. In the be gin ning, at 
a tem per a ture ~50°C, the am poule with ini tial sub stances was main tained for about 1 hour.
Then the tem per a ture was in creased up to 255°C and the sub stance main tained at this tem -
per a ture up to 30 min utes and the sub stance was au to mat i cally mixed dur ing this time. Fur -
ther more, dur ing two hours the tem per a ture in the fur nace was in creased up to 1000°C and,
at this tem per a ture, the main tained liq uid melt and it was mixed with an elec tric mo tor
within 3.5 hours. Then the mixer was turned off and the sub stance main tained for ~ 0.5 hour.

A crys tal li za tion cy cle of the syn the ses was per formed at a very slow speed of cool ing.
In spite of the fact that there were no traces of re act ing com po nents on am poule walls af ter
syn the sis, the next day syn the sis pro cess was re peated in the same am poule, but with the dif -
fer ence, that un til reach ing the tem per a ture 1000°C no pro cess of en dur ance was made at
the cer tain tem per a tures. But at 1000°C the liq uid was melt again dur ing 3.5 hours and
main tained by the elec tro mo tor for mix ing. Polycrystalline GaSe ob tained on the ba sis of
such tech nol ogy was lay ered and com pletely pure. Then this polycrystal was cut into very
small par ti cles and also filled in a quartz am poule with the conic end in or der to grow
monocrystalls from it by the di rected crys tal li za tion method. The tem per a ture of the hot
zone (top) was 1050°Cand the tem per a ture of the cold zone (bot tom) was 800°C. In the hot
zone the am poule, to gether with the sub stance, was main tained for about 3 hours. Then elec -
tro mo tor for move ment of the am poule was turned off and the growth rate of crys tals was
4 mm/hour. With such a speed the am poule passed a dis tance about 21 cm within 48 hours,
pass ing from the hot zone to the cold crys tal li za tion zone. Af ter switch ing-off both heat ers,
move ment of the am poule with sub stance pro ceeded for about next 5 hours. Thus, crys tal
GaSe with weight of 15g, di am e ter 10 mm and length 20 cm has been grown. Sam ples were
ob tained by cleav ing the in gots along the plane of the lay ers into slices about 1 cm2 and with
thick nesses of a few mi crom e ters. For check ing reproducibility of ob serv able ef fects, syn -
the sis and cul ti va tion of crys tals was re peated for many times in the same ex per i men tal con -
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di tions. This was the pos si bil ity how re cep tion of iden ti cal re sults in many sam ples was
shown.

Thin films GaSe were ob tained from ther mal evap o ra tion in vac uum 6×10-5 mHg.
This pro cess was made un der an gle ~ 80° to the sub strate. The thin films were ren dered on
the pol ished glass sub strates heated up to 150°C. Thick nesses of the thin films were about
0.5÷4.6 mm. The con tacts In, Ga were ren dered on the film for the re search.

As a source of ra di a tion the fol low ing has been used: con tin u ous gas la ser He-Ne (l =
632.8 nm, W = 1mW), pulse solid la ser YAG: Nd3+ (l = 1060 nm, W = 1MW/cm2,
Dt = 10 ns), pulse liq uid la ser (Rodamine 6G dye la ser) tuned through the re gion (l =
594÷643 nm, W = 120 kW, Dt = 1÷3 ns) and also the collimated beam from a nat u ral
source. La ser beam in ten sity was var ied by in ser tion of cal i brated neu tral den sity fil ters.
The in ci dent light be ing per pen dic u lar to the layer sur face (par al lel c-axis) was fo cused
into a spot of 0.1 mm. Op ti cal and photoelectrical mea sure ments were car ried out with the
use of non-sta tion ary dig i tal sys tem (tran sient dig i tizer sys tem), in which the sil i con
photodiode is in cluded, suit able for the use of such a type of the la ser mea sure ments, a
mem ory os cil lo graph (Le Croy 9400) and a com puter sys tem (board Mas ter 800 ABI 8).

3. Ex per i men tal Re sults and their Dis cus sions

At first we pre pared sam ples from GaSe crys tals with area about 1 cm2 and thick ness
200 mm. The la ser or collimated beams were di rected per pen dic u larly to crys tal lay ers and
then their pas sage was re fracted with an gle about 13°. Ro ta tion of the crys tal around the
beam and in other di rec tions has shown that it be haves sim i larly to a prism (Fig. 1).

With fur ther spalling, thick ness of sam ples has been re duced up to 100 mm, how ever,
the an gle of a de vi a tion still re mained about 13°, and at last, it was pos si ble to prick out a
sam ple thick ness not less than 3-5 mm. How ever, the an gle of de vi a tion re mained about
13° with this thin sam ple. It is spec i fied that the ob served anom aly was ap par ently lo cated
in sev eral monolayers of crys tal GaSe. We have pre pared also such a sam ple, in which the
“nor mal” and “anom a lous” parts are to gether, so make us pos si bil ity to com pare their each 
other. X-ray anal y sis of a “nor mal” and “anom a lous” parts is shown in Fig. 2. We showed
the de tail of our cal cu la tion con cern ing these two parts in Ta bles 1 and 2. 
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Fig. 1. Rotation of crystal around the beam and other directions.



¹ q I/I0 dexp.(nm) dcalc.(nm) hkl

1 5° 33´ 60 0.79721 0.79801 002

2 10° 1 - - -

3 11° 08´ 100 0.39922 0.39901 004

4 13° 58´ 10 0.31948 0.31920 005

5 16° 00´ 6 0.27972 0.27847 103

6 24° 16´ 15 0.1875 0.18875 110

7 27° 06´ 5 5 .16924 0.17062 114

8 27° 50´ 4 0.15984 0.15960 0010

9 35° 30´ 4 0.13275 0.13300 0012

¹ q I/I0 dexp.(nm) dcalc.(nm) hkl

1 5° 32´ 20 0.79969 0.79975 004

2 7° 00´ 80 0.63240 0.6398 005

3 8° 30´ 6 0.52158 0.53317 006

4 10° 00´ 8 0.44407 0.45700 007

5 11° 11´ 100 0.39758 0.39988 008
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Table 1. Calculated parameters for �normal� part GaSe by X-ray analysis.

Table 2. Calculated parameters for � anomalous � part GaSe by X-ray analysis.

Fig. 2. Difractogramms for �normal� (a) and � anomalous � (b) parts of GaSe.

a) b)



6 14° 05´ 3 0.31685 0.31990 102,0010

7 14° 28´ 2 0.30861 0.31099 103

8 16° 43´ 2 0.26795 0.26658 0012

9 19° 45´ 20 0.22694 0.22804 1010

10 22° 03´ 20 0.20535 0.20615 1012

11 24° 53´ 10 0.18324 0.18279 114

12  28° 59´ 5 0.15911 0.15933 204

13 30° 04´ 10 0.15387 0.15350 1112

These anal y ses show that “nor mal” in di cated part was re lated to hex ag o nal b-mod i fi -
ca tion of GaSe with the lat tice con stant a = 0.37751 nm, c = 1.59602 nm and “anom a lous”
in di cated part  was re lated to hex ag o nal d-mod i fi ca tion of GaSe with the lat tice con stant a
= 0.37493 nm, c = 3.15798 nm (see Ta ble 3). It is noted that the cal cu lated lat tice con stants 
are in good agree ment with the lat tice con stants which are in [9, 10].

Mod i fi ca tion Space group  a, nm c, nm

b- GaSe D4
6h 0.375 1.594

e- GaSe D1
3h 0.373 1.588

g- GaSe D5
3v 0.373 2.386

d- GaSe D4
6v 0.375 3.199

A care ful anal y sis of a di rec tion and sizes of de vi a tion an gle i2 from the size and the di -
rec tion of in ci dence an gle i1 has been con ducted with the help of pre ci sion goniometer
(Fig. 3). The in ci dence an gle i1 var ies from +45°up to -45° con cern ing the axis of nor mal
fall. Curve 1 was re ceived at such ori en ta tion of crys tal, when the fall ing and re jected
beams lay in a plane per pen dic u lar to planes of su per vi sion. Curve 2 was re ceived af ter the 
turn of a crys tal around a fall ing beam by 180°. As it is seen from Fig. 3, while chang ing
the in ci dence an gle from +25° to -25°, the an gle of de vi a tion prac ti cally re mains con stant, 
about 12°50¢. Only at fall ing an gles big ger than -40°(curve 1) and +40° (curve 2) the de -
vi a tion an gle starts to in creas ing ap pre cia bly.

Be sides, we ob served also the sec ond re fracted beam with an gle about 70° whereas its
in ten sity was es sen tially weaker in re la tion to the first re fracted beam (curves 3 and 4 in
Fig. 3). As it is seen from the fig ure the de vi a tion an gle also poorly de pends on an an gle of
fall ing.

 Trans mis sion spec trum of one of the in ves ti gated sam ples from “nor mal” and “anom -
a lous” parts of a crys tal is shown in Fig. 4. It is seen that in a “nor mal” part the exciton
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Table 3. Polytypes of GaSe crystals [11].



peak with wave length l = 620 nm is ob served and this peak is ab sent in an “anom a lous”
part of a spec trum. It is noted that exciton bind ing en ergy is equal to 20 meV, which is
close to the room tem per a ture ther mal en ergy (kT = 26 meV at 300K) [12], there fore, we
can ob serve the exciton peak in GaSe at room tem per a ture. Exciton peak is also ob served
in “nor mal” part in the photoconductivity spec trum GaSe (Fig. 5, curve 1), but this peak is
ab sent in “anom a lous” part sam ples. In “anom a lous” part, in stead of exciton peak, the
low-en ergy peak with a max i mum  1.96 eV ap pears in the spec trum, most likely due to im -
pu rity cen ter with depth de po si tion ~0.26 eV (Fig. 5, curve 2) [13].

Ab sence of ap pre cia ble po lar iza tion at both re jected beams spec i fies that we do not
deal with two-re frac tion or dichroism. De for ma tion com pres sion of lay ers at ex trac tion of
crys tals from an am poule is im prob a ble, as we car ried out spe cial me chan i cal in flu ences
on fi nal the parts of spe cially se lected sam ples.

 For the  He-Ne la ser ray with wave length l = 630 ÷ 650 nm, the de vi a tion an gle was
12°50¢ and for YAG: Nd3+ la ser with wave length l = 1060 nm this an gle was 11°45¢. Thus
the an gu lar dis per sion was D = 2.5 an gu lar unit/mi cron. If the op ti cal sys tem has a fo cal
length about 50 cm, then the lin ear dis per sion is D* = 47 nm/mm, that is com pa ra ble to pa -
ram e ters of good op ti cal de vices. Thus, it is clearly that ap pli ca tion of GaSe crys tals as
spec tral de vices, es pe cially in in fra-red re gion, be comes per spec tive. 

It is pos si ble, an a lyz ing all the set of ex per i men tal data, to as sume that the pos si ble rea -
son of anom a lous re frac tion of light in crys tals GaSe is the pres ence of a plenty of de fects
of pack ing in them, which can lead to a strong de for ma tion of po ten tial be tween the lay ers. 
As a re sult, group of lay ers, in stead of usual, strictly per pen dic u lar ar range ment to an op ti -
cal c-axis, will form some an gle with it. The rea son of this phe nom e non might be, in par -
tic u lar, the pres ence of a gra di ent of tem per a ture dur ing cul ti va tion of a crys tal. This fact
tes ti fies, for the ben e fit of the given as sump tion, that ro ta tion of a crys tal around a beam
and in other di rec tions has shown that they be have sim i larly to an op ti cal prism. Es ti ma -
tions show that the be hav ior of the outcoming beams is sim i lar to that of the re fracted rays
from a prism made of GaSe with re frac tion an gle 7° and re frac tive in dex equal to 2.8 [14].
The op ti cal scheme of ex per i ment of the “anom a lous” re frac tion of light in a GaSe lay ered 
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Fig. 3. Dependence of deviation angle i2 on the incidence angle i1. The inset shows the incident (i1) and
deviation (i2) beams schematically.



crys tal is shown in Fig. 6. It is seen from the fig ure that a He-Ne la ser light is di rectly per -
pen dic u lar to the sur face of the sam ples, in stead of prop a ga tion along di rec tion of the in ci -
dent light, it splits (with out dis per sion) into two parts with an gles of 13° (q) and 70° (g)  in
re la tion to the di rec tion of in ci dent light.

In ten sity of the sec ond beam (re flected un der the an gle 70°) is rather lower than that of
the first one. Value of an gles q, g and b spec i fied in the fig ure co in cide well with the ex per -
i men tally found val ues.
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Fig. 6. The optical scheme of experiment of the � anomalous � refraction of light in GaSe layered crystal.

Fig. 5. Photoconductivity spec tra of GaSe
for b(1) and d(2) mod i fi ca tions.

Fig. 4. Trans mis sion spec tra of GaSe for b(1)
and d(2) mod i fi ca tions.



 One more proof of for ma tion of nat u ral prisms in lay ered crys tals GaSe dur ing their
growth are the ex per i ments held with a thin film sprayed un der an an gle of these crys tals.
At a la ser beam with wave length of l = 632.8 nm fall ing nor mally to a sur face film GaSe,
in ci dent beam de vi ates by 40° con cern ing the di rec tion of the beam. In this thin film GaSe, 
along side with anom a lous re frac tions of light, a high photovoltage ~30V is also ob served.
It is not ac ci den tal, as it is known that the sprayed film un der an an gle pro duces a more
photovoltage, ap par ently, by am pli fi ca tion of het er o ge ne ity and in creases in po ros ity, as
well as greater sen si tiv ity of such films to in flu ence ad sorp tion.

It is known that ap pear ance of the high photovoltage in the thin films can be ex plained
by the model, ac cord ing to which this volt age is formed from se ries-con nected tran si tions
or in other photocells, and it is formed as a con se quence of bend zone junc tion be tween
ori ented crys tal lite.

In many films, photocells are formed with re peated se ries de fects of pack ing. It is pos -
si ble to as sume, based on the data on ki netic in crease and re lax ation of a photovoltage in
the films GaSe, that the high photovoltage is cre ated by a spa tial charge which arises be -
cause of non uni form dis tri bu tion of the nonbasic car ri ers seized on struc tural de fects.

4. The Con clu sion

We have shown that stack ing dis or der has an in flu ence on the op ti cal prop er ties in lay -
ered GaSe. The ob served anom a lous re frac tive ef fect can be ex plained by mak ing an gles
be tween the lay ers, which lead to for ma tion of a nat u ral prism into sam ples. Crys tals GaSe 
are con ve nient ob jects for mak ing the spec tral de vices on the base of their mi cron thick -
ness with a good dis per sion in pa ram e ters. Thin film GaSe sprayed un der an an gle, pos -
sesses a high photovoltage that shows its per spec tives in pho to vol taic trans for ma tions.
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