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Anomalous Impurity Conductivity in n-GaSe and n-GaS () ().
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Summary. — 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 10° Hz.
The anomaly lies in the fact that, with respect to previous measurements
made on 8i, 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. It 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. — Introduction.

The electrical properties of n-GaS () and n-GaSe, at temperatures below
about 250 K, suggest the presence of an impurity or hopping conduction along
the layers, even if partially anomalous in nature. Impurity conduction has
been reported so far only at very low temperatures (*) for materials like Si,

(*) Paper presented at the « International Conference on Layered Semiconductors and
Metals, a Satellite Conference of I.C.P.S. 1976 », held in Bari, September 6-10, 1976.
(**) Work partially supported by Consiglio Nazionale delle Ricerche, Italia.

(1) C. MaxFrEDOTTI, R. MUTRRI, A. Ri1zzo and L. VasaxeLnr: Sol. State Comm., 19,
339 (1976).

(3) H. Frirscue and M. Cuevas: Phys. Lett., 119, 1238 (1960); N.F. MoTt and W. D.
Twost: Adv. Phys., 10, 107 (1961).

327



328 V. AUGELLI, C. MANFREDOTTI, R. MURRI, R. PICCOLO and L. VASANELLI

Ge or InSb, while, in the present case, hopping conduction starts just below
room temperature, and it is characterized by relatively large ionization
energies of the involved donors. We shall prove that the observed effects can
be interpreted according to the theory developed by SHELOVSKI (2) for cases
of light doping and relatively strong compensation. Moreover, hopping con-
duction will also be evidenced for a.c. conduction, by proving that it obeys
the well-known formula of Pollak-Geballe (4).

2. — Experimental and results.

The samples of GaSe were obtained by the iodine-assisted chemical trans-
port method (5); the GaS samples were cleaved from Bridgman 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
temperature is also indicated (solid line). GaSe: I,, a F44, ¢ F49; o GaS, BMI12.

(®) B. 1. SERLOWSKII: Sov. Phys. Semicond., 6, 1053 (1973).

(#) M. Porrak and T. H. GEBALLE: Phys. Rev., 122, 1742 (1961).

(®) W. L. CARDETTA, A. M. Mancint, C. MaNFrEDOTTI and A. Rizzo: Journ. Orist.
Growth, 17, 155 (1972).
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with no intentional doping (8). All the samples were n-type, with a resistivity
along the layers of about 107 Qcm and a Hall mobility ranging between 40
and 150 cm? V-1s-1 at room temperature for GaSe, and approximately the
same resistivity and a Hall mobility ranging between 15 and 40 cm?V-1g-!
for GaS. Typical sample dimensions were (1 x1:x0.002) cm3. The contact prep-
aration and the experimental set-up have been previously described in de-
tail (). The measurements were carried out with the current flowing along
the layers and the magnetie-field intensity for Hall measurements was 18 kG.

In fig. 1, both for Gas and GaSe, an abrupt decrease of the Hall mobility
around room temperature can be observed. Obviously, scattering from charged
impurities cannot be responsible for this effect; on the other hand, the impos-
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Fig. 2. — Behaviour of resistivity (o), Hall mobility () and electron concentration (n)
as a function of temperature in a sample of n-GaSe. GaSe F44, e p, o n, a u.

(¢) C. MaNFREDOTTI, A. R1zzo, A. Buro and V. L. CArDETTA: Phys. Stat. Sol., 30 (a),
375 (1975).

22 ~ Il Nuovo Cimenio B,
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sibility to detect any Hall mobility down 77 K helped to exclude the hypoth-
esis of a change from #n- to p-type conductivity.

TasLE I. — Values of donor and acceptor concentrations (Ny, N,), donors energies (Ey),
Hall mobility activation energy (Ey) and compensation ratio (K), as derived by using the
single-donor-single-acceptor model and eq. (6).

Sample Ny N, K=N,N, E, By
(cm™3) (em—3) (eV) (eV)
GaSe F44 2.08-101¢ 2.03-101¢ 0.976 0.50 0.19
GaSe F49 1.51-.101¢ 1.49-101¢ 0.987 0.50 0.15
GaS BMI12 6.40-1018 5.10-101¢ 0.800 0.52 0.15
GaS BM14 1.60-10%7 1.40-10%7 0.870 0.51 0.15

If we go in more details (fig. 2), a saturation of the resistivity can be ob-
served, while the Hall mobility shows a behaviour characterized by an activation
energy, Ey, typical for a hopping process. The E, value is practically the
same both for GaSe and GaS samples (table I).
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Fig. 3. — Fitting of a resitivity ¢ vs. the (1/kT)-curve for GaS, carried out by using
eq. (1). The experimental errors are represented by the points themselves. BMI12.
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As is well known (%), the conductivity can be expressed in the whole
temperature range in the form

(1) 0 =0y exp[—e kT] - o5 exp [—&/kT] ,

where the second term represents the impurity conductivity and o,>> 0,. & is
the donor activation energy and &, is the activation energy for the hopping con-
duction in the impurity band. Generally, ¢, is one order of magnitude less than
& and o; depends strongly on donor concentration. At is shown in fig. 3
for & GaS sample, the resistivity vs. temperature curves can be well fitted (con-
fidence level 709%,) with the relationship (1), even if g is probably too low to
be determined exactly. The obtained values of the parameters for two GaS
and two GaSe samples are reported in table 11.

It is also well known (?) that a.c. conductivity at low frequencies in the case
of phonon-assisted hopping conduction follows the Pollak-Geballe formula (4),
which can be expressed as

(2) o(w) = et kI N(E)]*x P o[ln (v, /w)]*,

Tasre I1. — Values of the «band resistivity » o,, hopping resistivity g, and of their
respective activation energies & and &. The average «impurity » distance R, and the
average «impurity » radius a are calculated according to egs. (6).

Sample 0 05 & € B a

(Q em) (Q em) (eV) (;V) (Ac) (4)
GaSe F44 4 -10°° 8.5-107 0.48 3.0-10-3 300 30
GaSe ¥49 1.5-10-2 6.3-107 0.67 3.2-10-° 330 33
GaS BMi2 4 -10-° 1.3-108 0.52 1.3-102 204 19
GaS BMI4 1 -10-2 2.7-108 0.50 2.3-10°2 150 14

where w is the frequency, N(Ey) is the density of localized levels (cm—2 eV-?)
at the Fermi level, « is defined so that exp [— «#] is the rate at which the wave
function of the localized state falls off with the distance and v is the phonon
frequency. Since, as in our case, v, is generally of the order of 102 Hz, it can
be shown that, for @ around 104 Hz, ¢ c ©*® TFigure 4 shows exactly this
kind of behaviour for GaSe and GaS in the quoted range of frequencies.

() N. F. Morr and E. A. Davis: Flectronic Processes in Noncrystalline Materials
(Oxford, 1971).
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Fig. 4. — Behaviour of the a.c. conductivity o(w) as a function of the frequency for GaS
and GaSe at various temperatures. Below T = 250 K, o(w) is independent of tempera-
ture in all the frequency range. a) GaS, BM12; b) GaSe: I,, F49.

3. — Discussion.

Our data can be successfully analysed according to the theory of
Shklovskii (?). This theory, under strong compensation condition (N, —N, <N ),
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 potential energy of the neighbouring charged impurities. At moderately
low temperatures, electrons can acquire energies at which density of states
is high (isolated impurities). Such electrons can therefore jump between donors
which are separated by distances of the order of N;* . The assumptions of the
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theory of Shklovskii can be summarized as follows:

3) Nya*g1 (& = &) light doping,
(4) A = (N}, 6o << e << efva=E.

By using the values reported in tables I and 1I, it is easy to verify that both
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
better verified for GaS than for GaSe. In conclusion, it seems well established
that the theory of Shklovskii is valid also in a case in which deep levels are
responsible for the impurity conduction.

Analysis of the data has been carried out in the following way: first of all,
Hall data in the normal band conduction range have been analysed according
to the well-known single-donor—single-acceptor model by using N, N, and E
as parameters (1). For m*, the density-of-state effective mass, the values 1.3 m, (1)
and 1.0m, () have been used for GaS and GaSe, respectively. Now, since
the method is not particularly sensitive to the value of N, while it is sensitive
to N,— N,, N, has been redetermined by taking into account the formula
given by Shklovskii (3):

e’N}
2 ss_w(Nn_NA)*
and by using the values of g reported in table II.

Afterwards, the values of I,, the average distance between donors, and
the values of a (= a', the average radius of a level) have been calculated
according to the equations

(6) R,=0.82N;t, o,= g, exp[1.8/Niq]
and are reported in table II. The agreement can be considered good, we take

into account that the theory is sensitive only to R,/«, which is roughly 10 in
all cases.

(¢) P.C.LzEUNG, G. ANDERMANN, W. G. SP1TZER and C. A. MEAD: Jeurn. Phys. Chem.
Sol., 27, 849 (1966).

(®) The values of the dielectric constant normally to c-axis, &, , has been obtained
from the value of ¢ (C. H. SEQuiNand M-A. NicoLrT: Sol. Stat. Eleciron., 14, 421 (1971)),
by assuming the same ¢, /e, ratio of the GaSe.

(1) C. MANFREDOTTI, A. MaNCINT, R. MURRI, A. Ri1zzo and L. VASANELLI: submitted
for pubblication to Nuovo Cimento.
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A numerical analysis has been carried out also for the results of ¢(w) meas-
urements. By using eq. (3), which has been multiplied by E_/kT (?), since
o(w) is apparently independent of T' (fig. 4), values of N(E,)= 8-10Y cm~3 (eV)~!
for GaSe and 4.5-10® cm—2 (eV)~! for GaS have been obtained. These values
are not unreasonable, since they should be certainly lower than N [Ae, which
is 5:108 cm~2 (eV)~! for GaSe and 1.2-10% cm—2 (eV)~? for GaS, by using eq. (5)
for Ae.

The complete comparison between values of wy, 7! and o, obtained from
the experimental results of o(w) and the theoretical ones according to the Pollak-
Geballe theory are reported in table III. In this table w, is the frequency at

TasLE III. — Values of experimentally determined and theovetically caleulated values of
the frequency w,y, of the reciprocal of the mean time for phonon-assisted tunnelling (1)
and for the d.c. conductivity, due to electrons with energy near Eg, (o,). For the calcula-
tions, see the text.

Sample  w, Wy Tt Tl gy Gy
(s71) (571) (s71) (s71) (Q-lem!) (Qlem-1)
(experi- (theo- (experi- (theo- (experi- (theo-
mental) retical) mental) retical) mental) retical)
GaSe 6 -10? 14-10% 6.8-10° 7.9-108 1.3-10-8 1 -10-8
GaS 5.8-10 5.8-10 1.9-108 1.7-108 5 -107° 3.8-10-°

which the »*® behaviour takes over from the d.c. process, z is the mean time
for phonon-assisted tunnelling and o;= p;* is the d.c. conductivity due to
hopping by electrons with energies near E, (eq. (2) and table II). BExperi-
mentally, v~ has been determined as the average frequency in the »®® region.
Themetlcally, it is given by ihe relationghip

(N Ti=y exp[—2aR].

w, is the frequency at which ¢(w) = ¢(0). For o(w), use has been made of eq. (3),
with the reported values of N(#,), «~*, while », has been calculated by using
phonon energies fiw = 16.7 meV for GaSe and 22 meV for Gas (11). For ¢(0)
the following relationship has been used (7):

(3) 0(0) = (0,),, €xp [— &/kT],
where
(9) (0g)yy = €* B2y, N(E,) exp [—2R] .

The overall agreement is clearly satisfactory and further supports the
evidence of a hopping mechanism both in GaS and in GaSe.

(') Pr. Scamip: Thesis, Lausanne (1974).
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4. — Conclusions,

The comparison with existing theories strongly supports the fact that
impurity 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 (%), it appears that hopping behaviour is simply due to the random
distribution of impurities. The « impurities », in this case, should certainly
be S vacancies in the case of GaS (*3) and probably, if we take into account the
similarity of results, Se vacancies for GaSe. The values obtained for the average
radii e of these defects seem quite reasonable, and together with the values
of the average distance between the defects themselves R allow a reasonable
comparison with the formulae for a.c. conductivity, 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
are anisotropic and the quoted values of a are to be intended as averages also
with respect to the various directions.

At the present stage, the impurity conduction seems a peculiarity of n-type
layered semiconductors and to be somehow related to anion vacancies. 1t may
also be that this kind of impurity conduclion involves chains of defects ex-
tending along the layers, in the interlayer spacing.

(*) J. P. GowErs and P. A. LEE: Sol. State Comm., 8, 1447 (1970); S. M. ATAKISHEV
and G. A. AKHUNDOV: Phys. Stat. Sol., 32, K33 (1969); R. II. TREDGOLD and A. CLARK:
Sol. State Comm., 7, 1519 (1969).

(*®) R. M. A. LietH and F. Vax Marsen: Phys. Stat. Sol., 10 (2), 73 (1072).

® RIASSTUNTO (

Si fornisce la prova per la conduzione tipo hopping lungo gli strati nel n-GaS e n-GaSe.
I risultati sono compatibili con la formulazione teorica data da Shklovskii per semicon-
duttori debolmente drogati. La conducibilitd in ¢.a. al di sotto della temperatura ambiente
segue la formula teorica di Pollak e Geballe fino a frequenze di 105 Hz. I.’anomalia sta
nel fatto che, rispetto a misure precedenti fatte su Si, Ge ed InSb, le energie di atti-
vazione coinvolte sono molto pill grandi e la temperatura alla quale il fenomeno accade
¢ molto piu alta. Allo stato attuale la conduttivitd tipo hopping sembra essere una
peculiaritd dei composti a strati del tipo ». Sembra anche che sia indipendente dalla
direzione del moto dei portatori ed in qualche modo correlata alle vacanze anioniche
che gono probabilmente responsabili per la conduttivitd » di questi composti.

(*) Traduzione a cura della Redazione.
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AHoMAaNbAAs NpHMECHAS NPOBOAMMOCTL B n-GaSe M n-GaS.

Pesome (*). — IlpuBomuTcs HOATBEPXKACHUE &« MPHLKKOBOM » IPOBOIMMOCTH BIOJIb
cinoeB B n-GaSe u n-GaS. IlonyveHnsie pe3ysibTaThl CXOOHBEL C TeopeTuieckoi dopmy-
NMupOBKo#, mpemnoXepHod IIKNOBCKMM IJig HONYIPOBOJHHKOB C HE3HAYMTEIBHBIMH
nprcagxamMi. IIpOBOAMMOCTh IEPEMEHHOTO TOKA BONH3M M HH)KE KOMHATHOM TeMmme-
paTypel IomMMHsMETCS TeopeTmdyeckoit ¢opmyne Ilomnmaka m Ixebanmina BOIOTH 1O
yacroT 10°TH. AHOMANHSA 3aKFOYAETCA B TOM, YTO IO CPABHEHMIO C IpenblaylpMK
u3MepenusaMe Ha Si, Ge u InSb, paccMaTpHBaeMBle 3HEPIHH aKTHBAUMM OKa3bIBAKOTCS
MHOFO GONbIIEMY, & TeMOepaTypa, IPH KOTOPOH HMeeT MECTO 3To sBleHEe, Oolee
BBICOKO}. B aHHEOM Cclydae « UPBDKKOBas » OPOBOJAMOCTD XapaKTepHA IiA CIOBECTHIX
CoeIUHEHAH n-THIA. YKa3aHHAd DPOBOAWMOCTh HE 3aBHCHT OT HAIPABIIEHAA IBUXKCHHES
HOCHTENEH H CBA3aHA ¢ aHHOHHHIMH BaXaHCHAMH, KOTODBIE, BEPOSATHO, OTBETCTBEHHBI
3a OPOBOAMMOCTH M-THIA 3THX COenuHEeHnd,

(") Ilepeseoeno pedaxyueil.



