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S u m m a r y .  - -  Evidence is reported for hopping conduction along the 
layers in n-GaSe and n-GaS. The results are compatible with the theo- 
retical formulation given by Shklovskii for lightly doped semiconductors. 
The a.c. conductivity around and below room temperature follows the 
theoretical formula of Pollak and Geballe up to frequencies of 105 Hz. 
The anomaly lies in the fact that, with respect to previous measurements 
made on Si, Ge and InSb, the involved activation energies are much larger 
and the temperature at which the phenomenon takes place is much 
higher. At the present stage, hopping conductivity seems to be a 
peculiarity of n-type layer compounds. I t  seems to be indipendent of 
the direction of motion of carriers and somehow correlated to anion 
vacancies, which are likely responsible for the n-type conductivity of 
these compounds. 

1 .  - I n t r o d u c t i o n .  

The electr ical  p roper t i es  of n -GaS (1) a n d  n-GaSe,  a t  t e m p e r a t u r e s  be low 

~ b o u t  250 K,  sugges t  t h e  p resence  of an  i m p u r i t y  or  h o p p i n g  conduc t i on  a long  

t he  layers ,  even  if pa r t i a l ly  anoma lous  in na tm'e .  I m p u r i t y  conduc t ion  ha s  

b e e n  r e p o r t e d  so far  on ly  a t  v e r y  low t e m p e r a t u r e s  (2) for  mater ia ls  l ike Si, 

(') Paper presented at the (~ Intcrnational Conference on Layered Semiconductors and 
Metals, a Satellite Conference of I.C.P.S. 1976,), held in Bari, Septembcr 6-10, 1976. 
(**) Work partially supported by Consiglio .Nazionale delle Ricerche, Italia. 
(1) C. I~ANFRRDOTTI, ]~. ]~/~URRI, .A. RIZZO and L. VASAN~LI.I: Sol. State Comm., 19, 
339 (1976). 
(s) II. FRITSCn~. and M. CUEVAS : Phys. Lett., 119, 1238 (1960) ; 1~. F. MOTT and W. D. 
Twos~:  Adv. Phys., 10, 107 (1961). 
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Ge or InSb,  while, in the presen t  case, hopping  conduct ion s tar ts  jus t  below 
room tempera tu re ,  and  it is character ized b y  re la t ively  large ionization 
energies of the  involved donors. We shall  p rove  t h a t  the  observed effects can  
be in te rp re ted  according to the  theo ry  developed b y  Sn~T,ovsxII (a) for cases 
of l ight  doping and  re la t ively  s t rong compensat ion.  Moreover~ hopping  con- 

duct ion will also be evidenced for s.c. conduction,  b y  prov ing  t h a t  i t  obeys  

the  wel l -known formula  of Pol lak-Gebal le  (~). 

2. - Experimental and results. 

The samples  of GaSe were  ob ta ined  b y  the  iodine-assisted chemical  t rans -  

por t  me thod  (~); the  GaS samples  were c leaved f rom Br idgman  ingots  grown 
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Fig. 1. - Behaviour of the electron mobility below room temperature in two samples 
of n-GaSe and in a sample of n-GaS. The behaviour of lattice mobility above room 
tomperat~tro is also indicated (solid line). GaSe: I~, �9 F44, �9 F49; A GaS, BM12. 

(3) B. I. SHKLOWSKII: Soy. Phys. Semicond., 6, 1053 (1973). 
(4) l'~. POLLAK and T. H. GEBALL:E: Phys. Rev., 122, 1742 (1961). 
(5) W . L .  CARDETTA, A. M. MANCI~I, C. MANFREDOTTI and A. Rlzzo: Journ. Grist. 
Growth, 17, 155 (1972). 
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with  no in ten t iona l  doping (6). All the  samples  were n- type ,  wi th  a res is t iv i ty  
a long the  layers  of abou t  107 ~ cm and  a Hal l  mobi l i ty  ranging  be tween 40 
a n d  1 5 0 c m  2V -1 s - t  a t  room t e m p e r a t u r e  for GaSe, and  app rox ima te ly  the  
same res is t iv i ty  and  a Hal l  mobi l i ty  ranging be tween  15 and  40 cm ~ u  s- t  
for GaS. Typical  sample  dimensions were (1 X 1 X 0.002) em 8. The contac t  prep-  

a ra t ion  and  the  exper imen ta l  set-up have  been previously  described in de- 

tai l  (1). The measu remen t s  were carr ied out  wi th  the  cur ren t  flowing along 

the  layers  and  the  magnetic-f ield in tens i ty  for Hal l  measuremen t s  was 18 kG. 
I n  fig. 1, bo th  for Gas and  GaSe, an  a b r u p t  decrease of the  Hal l  mob ih ty  

a round  room t e m p e r a t u r e  can be observed.  Obviously,  sca t ter ing f rom charged 

impur i t ies  canno t  be  responsible for this effect;  on the  other  hand ,  the  impos-  
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Fig. 2. - Behaviour of resistivity (Q), Hall mobility (/~) and electron concentration (n) 
as a function of temperature in a sample of n-GaSe. GaSe F44, �9 Q, o ~, �9 /~. 

(e) C. ]~ANFREDOTTI, /[. RIZZO, A. BU~'O and V. L. CA_I~DET~A: Phys. Star. Sol., 30 (a), 
375 (1975). 

22 - I t  N u o v o  U i m e n $ o  B .  
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s i b i l i t y  to  d e t e c t  a n y  H a l l  m o b i l i t y  d o w n  77 K h e l p e d  to  exc lude  t h e  h y p o t h -  

esis of a c h a n g e  f r o m  n-  to  p - t y p e  c o n d u c t i v i t y .  

T~L~.  I.  - Values o/donor and aceeptqr concentrations (Nn, hrA), donors energies (El)), 
Hall mobility activation energy (E,O and compensation ratio (K), as derived by using the 
single-donor-single-accepter model and eq. (6). 

Sample N D N A K = . N ~ / N  D E D E H 
(em -8) (cm -3) (oV) (oV) 

GaSo :F44 2.08.10 ze 2.03.10 z6 0.976 0.50 0.19 

GaSe F49 1.51.10 TM 1.49.1016 0.987 0.50 0.15 

GaS BM12 6.40.1018 5.10.10 le 0.800 0.52 0.15 

GaS BM14 1.60-10 z~ 1.40-10 x~ 0.870 0.51 0.15 

I f  w e  go in  m o r e  de t a i l s  (fig. 2), a s a t u r a t i o n  of t h e  r e s i s t i v i t y  c a n  b e  ob-  

s e rved ,  wh i l e  t h e  H a l l  m o b i l i t y  shows  a b e h a v i o u r  c h a r a c t e r i z e d  b y  a n  a c t i v a t i o n  

e n e r g y ,  E s ,  t y p i c a l  for  a h o p p i n g  p rocess .  T h e  E~  v a l u e  is p r a c t i c a l l y  t h e  

s a m e  b o t h  for  GaSe  a n d  G a S  s a m p l e s  ( t ab l e  I) .  
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Fig. 3. - F i t t ing  of a res i t iv i ty  Q vs. the (1/kT)-eurve for GaS, carried out by  using 
eq. (1). The experimental  errors are represented by  the points themselves. BM12. 



A N O M A L O U S  I M P U R I T Y  C O N D U C T I V I T Y  I N  n-GuSt AND n-GaS 331 

As is we l l  k n o w n  (7), t h e  c o n d u c t i v i t y  ca, n b e  e x p r e s s e d  in  t h e  whole  

t e m p e r a t u r e  r a n g e  in  t h e  fo rm 

(~) a = crx exp  [ - - e J k T ]  -I  cr~ exp  [ - -e~lkT]  , 

w h e r e  t h e  s e c o n d  t e r m  r e p r e s e n t s  t h e  i m p u r i t y  c o n d u c t i v i t y  a n d  a l  >>as. e, is 

t h e  d o n o r  a c t i v a t i o n  e n e r g y  a n d  e3 is t h e  a c t i v a t i o n  e n e r g y  for  t h e  h o p p i n g  con-  

d u c t i o n  in  t h e  i m p u r i t y  b a n d .  G e n e r a l l y ,  e3 is one  o r d e r  of m a g n i t u d e  less t h a n  

el a n d  as d e p e n d s  s t r o n g l y  on d o n o r  c o n c e n t r a t i o n .  A t  is shown  in  fig. 3 

for  a. G a S  s a m p l e ,  t h e  r e s i s t i v i t y  vs. t e m p e r ~ t u r e  cu rves  c a n  b e  wel l  f i t t e d  (con- 

f idence  l eve l  70 %) w i t h  t h e  r e l a t i o n s h i p  (1), e v e n  if  e3 is p r o b a b l y  too  low to  

be  d e t e r m i n e d  e x a c t l y .  T h e  o b t a i n e d  v a l u e s  of t h e  p a r a m e t e r s  for  two  G a S  

a n d  two  GaSe  s a m p l e s  a r e  r e p o r t e d  in  t a b l e  I ] .  

I t  is a l so  wel l  k n o w n  (7) t h a t  a.c.  c o n d u c t i v i t y  a t  low f r e q u e n c i e s  in  t h e  case  

of p h o n o n - a s s i s t e d  h o p p i n g  c o n d u c t i o n  fol lows t h e  Po l l ak-Geba . l l e  f o r m u l a  (4), 

w h i c h  c a n  b e  e x p r e s s e d  as  

(2) (~(0)) = l~e~ k2'[lV(E.)]2~-~ %~/0))] ' ,  

TABLE I I .  - Values of the (~band resistivity)) ~ ,  hoppi~g resistivity ~o 3 and o] their 
respective activation energies s 1 and ez. The average (( impur i ty  ~) distance /~e and the 
average ~ impur i ty  ~> radius a arc calculated according to cqs. (6). 

Sample o~ ~o3 s~ e3 Ro a 
(~  cm) (~  era) (eV) (eV) ($) (3~) 

GaSe F44 4 �9 10 -2 8.5-10 T 0.48 3.0-10 -3 300 30 

GaSc F49 1.5.10 -2 6.3- l0 T 0.67 3.2-10 -a 330 33 

GaS BMI2 4 -10 -3 1.3- l0 s 0.52 1.3-10 -2 204 19 

GaS BM14 1 .10 -2 2.7-10 s 0.50 2.3.10 .2 150 14 

w h e r e  0) is t h e  f r e q u e n c y ,  /g(E~) is t h e  d e n s i t y  of l oca l i zed  leve ls  (cm -3 eV -1) 

a t  t h e  F e r m i  leve l ,  a is de f ined  so t h a t  exp  [ - -  ar] is t h e  r a t e  a t  which  t h e  w a v e  

f u n c t i o n  of t h e  loca l i zed  s t a t e  fa l ls  off w i t h  t h e  d i s t a n c e  a n d  vph is t h e  p h o n o n  

f r e q u e n c y .  S ince ,  as  in our  case ,  vph is g e n e r a l l y  (ff t h e  o r d e r  of 1012 I Iz ,  i t  c a n  

b e  s h o w n  t h a t ,  for  0) a r o u n d  104 l t z ,  a pc 0) ~ F i g u r e  4 shows e x a c t l y  t h i s  

k i n d  of b e h a v i o u r  for  GaSe  a n d  GaS  in t h e  q u o t e d  r a n g e  of f r equenc ies .  

(7) N. F. MOT'r and E. A. Dxvxs: Electronic Processes in Noncrystalline Materials 
(Oxford, 1971). 
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Fig. 4. - Behaviour of the a.c. conductivity a(r as a function of the frequency for GaS 
and GaSe at various temperatures. Below T = 250 K, a(m) is independent of tempera- 
ture in all the frequency range, a) GaS, BNI12; b) GaSe: I S, F 4 9 .  

3 .  - D i s c u s s i o n .  

Our data  can be successfully analysed according to the theory  of 
Shklovskii (3). This theory ,  under  strong compensat ion condition (hTD--_~ A <<ND) , 
assumes the  energy level scheme shown in fig. 12 of ref. (3). At  low temper -  
atures,  the  electrons occupy donors whose energies are considerably lowered 
by  the  potent ia l  energy of the  neighbouring charged impurities.  At  modera te ly  
low tempera tures ,  electrons can acquire energies a t  which densi ty  of states 
is high (isolated impurities).  Such electrons can therefore  jump between donors 
which are separated by  distances of the  order  of LTd. The assumptions of the  
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t heory  of Shklovskii can be summarized as follows: 

(3) 

(4) 

l g ,  a 3 << 1 (a ---- a -1) light doping, 

A e  = (1g t. e~)/x <: es < e2/xa = E . 

By using the  values repor ted  in tables I and II ,  i t  is easy to ver i fy  tha t  bo th  
conditions are fulfilled. Assuming as dielectric constants  (along the  layers) 
x = 10.2 for GaSe (8) and  7.5 for GaS (~), one obtains for the  energy spread 
of the  levels Ae, 3.6 meV for GaSe and 9.2 meV for GaS, while for E one gets 
0.44 eV and 1.1 eV, respectively.  As one can note,  condition (4) seems to be 
be t t e r  verified for GaS th~n for GaSe. In  conclusion, it  seems well established 
tha t  the  theory  of Shklovskii is valid also in a case in which deep levels are 
responsible for the  impur i ty  conduction. 

Analysis of the  da ta  has been carried out  in the  following way:  first of all, 
Hal l  da ta  in the  normal  band  conduct ion range have been analysed according 
to the  well-known single-donor-single-acceptor model  by  using ~ r ,  2g A and E ,  

as parameters  (~). For  m*, the  densi ty-of-state  effective mass, the  values 1.3 m. (1) 
and 1.0 m, (~*) have been used for GaS and GaSe, respectively.  Now, since 
the  me thod  is no t  par t icular ly  sensitive to the  value of _~,, while i t  is sensitive 
to 2 ~ , -  2~x, ~ ,  has been rede te rmined  by  taking into account  the formula 
given by  Shklovskii  (3): 

(5) ~ = ~ ( 2 v . - -  ~v~)~ 

and by  using the  values of e3 repor ted  in table II .  
Afterwards,  the  values of /~c, the  average distance between donors, and 

the  values of a ( =  a-~, the  average radius of a level) have been calculated 
according to the  equat ions 

(6) Ro = 0 . s 2 2 r  2 , = e l  

and are repor ted  in table I I .  The agreement  can be considered good, we take  
into account  t ha t  the  theory  is sensitive only to Re/a ,  which is roughly 10 in 

~11 eases. 

(s) P.C.  LEUNG, G. ANDER~IANN, W. G. SI'ITZER and C. A. MEAD: Journ.  Phys .  Ohem. 
Sol., 27, 849 (1966). 
(~) The values of the dielectric constant normally to c-axis, e~, has been obtained 
from the value of e I (C. H. S~qmsand M-A. NICOL~T: SoL Star. Electron., 14, 421 (1971)), 
by assuming the same e./e I ratio of the GaSe. 
(lo) C. MA~FR~DOTTZ, A. MANCINI, R. MVRRI, A. Rzzzo and L. VASA~LLI: submitted 
for pubblication to 5Vuovo Cin~ento. 
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A numer ica l  analys is  has  been  c, a r r ied  ou t  also for  t he  resul ts  of a(r meas-  

u r e m e n t s .  B y  us ing  eq. (3), which  has  b e e n  mul t ip l ied  b y  E F / k T  (7), s ince 

a(w) is a p p a r e n t l y  i n d e p e n d e n t  of T (fig. 4), va lues  of N(E~) ---- 8 .10  ~7 c m  -3 (eV)- '  

for  GaSe and  4 . 5 . 1 0 ' 8 c m  -3 (eV) -~ for  GaS h a v e  b e e n  obta ined .  These  values  

a re  n o t  unreasonab le ,  since t h e y  should  be  ce r t a in ly  lower  t h a n  ND/Ae , which  

is 5 . 1 0  ~8 c m  -8 (eV) -~ for  GaSe a n d  1 .2 .10  ~ c m  -s (eV) -~ for GaS, b y  us ing cq. (5) 

for  Ae. 

The  comple te  compar i son  be tween  va lues  of COo, r -~ and  r o b t a i n e d  f r o m  

the  expe r imen t a l  resul ts  of a(r a nd  the  theore t i ca l  ones accord ing  to  t he  Pol lak-  

Gebal le  t h e o r y  a rc  r e p o r t e d  in tab le  I I I .  I n  this  tab le  ~08 is t he  f r e q u e n c y  a t  

TABLE I I I . -  Values o/ experimentally determined and theoretically calculated values el 
the ]requency coo, el the reciprocal el the mean time ]or phonon-assisted tunnelling (T -1) 
and ]or the d.c. conductivity, due to electrons with energy qlear EF, (~a). For the calcula- 
tions, see the text. 

Sample e) o % z -~ T -1 % a s 
(s--l) (s--l) (s--l) (s--l) (~'~--1 era-l) (~-1 cm-1) 
(experi- (thee- (experi- (thee- (experi- (thee- 
mental) retical) mental) retical) mental) retical) 

GaSe 6 .10 2 1.4. l0 s 6.8-10 a 7.9-10 8 1.3.10 -s 1 -10 -s 

GaS 5.8-10 5.8.10 1.9.10 a 1.7.10 8 5 �9 10 -9 3.8-10 -8 

which  the  co ~ b e h a v i o u r  tnkes  over  f r o m  t he  d.c. process ,  ~ is t he  m e a n  t ime  

for  phonon-as s i s t ed  tunne l l ing  a n d  as----~7~ is t he  d.c. c o n d u c t i v i t y  due  to  

h o p p i n g  b y  e lec t rons  wi th  energies nea r  /i7 F (cq. (2) a n d  tab le  I I ) .  Exper i -  
men ta l ly ,  r-~ has  been  d e t e r m i n e d  as t he  ave rage  f r e q u e n c y  in t he  o) ~ region.  

Theore t ica l ly ,  it is g iven  b y  t he  re ]a t ionship  

(7) r -~ = ~,~ exp [--2a_R].  

r is t he  f r e q u e n c y  a t  which  a(r = a(0). Fo r  a(~) ,  use has  b e e n  m a d e  of eq. (3), 

w i th  t h e  r epo r t ed  values  of N(/~2~), a-~, while Gh has  been  ca lcu la ted  b y  us ing  

p h o n o n  energies  ~w----16.7 m e V  for  GaSe a nd  22 m e V  for  Gas (n). F o r  a(0) 

t he  fo l lowing re la t ionship  has  b e e n  used  (7): 

(8) 

where  

a(0) = (a.)~ exp [ -  ~ /k~ ,  

(9) (as)~ - -  e 2 R 2 v.h N(ZF)  exp  [ - -  2 ~ R ] .  

The overa l l  a g r e e m e n t  is c lear ly  sa t i s fac to ry  a n d  fu r t he r  suppor t s  t he  

ev idence  of a h o p p i n g  m e c h a n i s m  b o t h  in GaS and  in GaSe. 

(11) ~)H. SCHMID: Thesis, Lausanne (1974). 
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4 .  - C o n c l u s i o n s .  

The comparison with existing theories strongly supports the fact  tha t  

impur i ty  conduction takes place in n-GaS and n-GaSe. The observed phenom- 

enon represents one of the few cases observed in highly compensated semi- 

conductors,  and certainly the first one in which the levels involved in hop- 

ping conduction are deep and, consequently,  the phenomenon takes place at 

relatively high temperatures .  

Taking into account  previous measurements  on other n- type  layer semi- 

conductors (1~), it appears tha t  hopping behaviour is simply due to the random 

distribution of impurities. The (( impurities ~>, in this case, should certainly 

be S vacancies in the ease of GaS (~) and probably,  if we take into account  the 

similarity of results, Se vacancies for GaSe. The values obtained for the average 

radii a of these defects seem quite reasonable, and together  with the values 

of the ~verage distance between the defects themselves /~ allow a reasonable 

comparison with the formulae for a.c. conductivi ty,  which depend strongly 

both  on a and  on R. 

These kind of defects seem to involve two layers in the case of GaS and four 

layers in the case of GaSe, even if most  likely the corresponding wave functions 

t~re anisotropic and the quoted values of a arc to be intended as averages also 
with respect to the various directions. 

At  the present  stage, the impur i ty  conduction seems ~ peculiarity of n- type 

layered semiconductors and to be somehow related to anion vacancies. ] t  m a y  

a.lso be tha t  this kind of impur i ty  conduction involves chains of defects ex- 
tending along the layers, in the interlayer spacing. 

(12) j .  p. GowErcs and P. A. LEE: Sol. State Comm., 8, 1447 (1970); S. M. /~TAKISHF~V 
and G. A. AKHU.~;DOV: Phys. Stat. Sol., 32, K33 (1969); R. II. TREDGOLD and A. CI.A~K: 
Sol. State Comm., 7, 1519 (1969). 
(13) R. M. A. LInTg and F. VAN i~IA~s]~-: Phys. Slat. Sol., 10 (a), 73 (1072). 

�9 R I A S S U N T O  (*) 

Si fornisce la prova per la conduzione tipo hopping Im~go gli strati nel n-GaS c n-GaSo. 
I risultati sono compatibili con la formulazione teorica data da Shklovskii per semicon- 
duttori debolmente drogati. La conducibilith in c.a. al di sotto della tcmperatura ambicnte 
seguc la formula teorica di Pollak e Geballe fine a frequenze di 105 Hz. L'anomalia sta 
nel fatto chc, rispetto ~ misure preceden~i fatte su Si, Ge ed InSb, le energie di atti- 
vazionc coinvolte sono molto pifl grandi e la temperatnra alla qualc il fcnomcno accadc 
b~ molto pifl alta. Allo state attuale la conduttivit'~ tipo hopping sembra essere una 
peculiaritk dei composti a strati del tipo n. Sembra anche ehc sin indipcndente dalla 
direzione del mote dei portatori ed in qualche mode correlata alle vacanze anioniche 
che sono probabilmente responsabili per la conduttiviti~ n di questi composti. 

(*) Traduzione a eura della ~edazione. 



3 3 6  V. AUGELLI, C. MANFREDOTTI, R. MURRI, R. PICCOLO ~ n d  L. VASANELLI 

AHOMa.rlbHatl npsMecHa~ Ilp0B0~IHMOCTb B '//,-CruSe ]HI 'fb-C-~&~. 

Pe3mMe (*). - -  IIpHBO~HTCH HO~TBepX~eHHe << npJ, r~XOBO~ >> IIpOBO~HMOCTH B,/~OHB 
cHOeB n ~-GaSe H ~-GaS. IIoHy,~eHr~ie pe3ynbTaTl, I CXOffffBI C TeopeTH,lecKofi ~bopMy- 
YIHpOBKOfi, Ilpe]InO~KeHHOt~ IIIKnOBCKIIM ~JI~ HoHylrpOBO]~HHKOB C He3HaqHTeHBHI~IMtt 
npacaJ~xaMa. IIpoBoj~AlVlOCTI, HepeMem~oro ToKa B6HI~3H H HH~e KOMHaTHOI~ TeMHe- 
paTypl, t rro~Irm~eTcz TeOpeTH~eCKOfl qbopMyne IIoJInaKa a ]~x<e6amla mlnOTb ~O 
qaCTOT 10 ~ rH, AHOMaYm~ 3aKnloqaeTca B TOM, ~ITO l~O cpaBHemtm c I~e~buymaLMH 
H3MepeHrlaMH Ha Si, G0 H InSb,  paccMaTpltBaeMble 3HeprliH aKTHBaHHH OKa3bIBalOTC~I 
MaOro 60ablLraMH, a TeM~epaTypa, iip~ KOTOpO~ ~tMeeT MeCTO 3TO ~IBHeItHe, 60nee  
BSlCOKOfi. B 2~aI~OM cayaae  << IIpI, DKKOBa~I >> IIpOBOBBMOCTb xapaxTepna Aaa cnoacT~IX 

coe~mr~eHnfl ~ - rnna .  YKa3am:raa n130BO~log ' r~  lie 3aBHCHT OT aanpa~neHna nBnxeam~ 
HOCVrTe~efl a CBYt3aHa C aHHOHHr~tMH BaKaHCHaMH, XOTOp~,Ie, Bepo$1THO, OTBeTCTBeHHM 
3 a  IIpOBO,/]~HMOCTb ~-THIIa 3THX coe~nHemn~. 

(*) Ilepese~)eno pebatc4ueft. 


