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Electron scattering mechanisms in n-type indium selenide are investigated by means of the tem-
perature dependence (4—500 K) of Hall mobility and the magnetic field dependence of Hall and
magnetoresistance coefficients. The Schmid model for homopolar optical-phonon scattering can ex-
plain the temperature dependence of electron mobility above 40 K. The electron-phonon coupling
constant is determined, g2=0.054. The optical phonon involved in the process is identified as the
A} phonon with energy 14.3 meV. The magnetic field dependence of Hall and magnetoresistance
coefficients is discussed in terms of the Jones-Zener expansion.

I. INTRODUCTION

Lattice scattering in layered semiconductors has been
widely investigated in order to detect the specific features
that crystal anisotropy causes in such materials. The tem-
perature dependence of carrier mobility has been mea-
sured for several layered compounds such as MoS,,
MoSe,, WSe,,! SnS,,%> SnSe,,>* GaS,> GaSe,"*~% and
InSe.’~!2 In the temperature range through which lattice
scattering predominates, the carrier mobility x changes
with absolute temperature T according to a o T~ law,
with an exponent ¥ higher than the value 5 correspond-
ing to acoustic-phonon scattering. Fivaz and Mooser,!
and later Schmid and Fivaz,'>!# have proposed a model to
explain this result. In this model, carriers in layered semi-
conductors are mainly scattered by homopolar optical
phonons polarized along the layer normal. Strong cou-
pling between carriers and homopolar optical phonons
arises from the low site symmetry typical of layered struc-
tures. With the use of the relaxation-time approximation,
the above-mentioned authors calculated the temperature
dependence of carrier mobility, and showed that, around a
given temperature, it can be expressed in the form
pocT™Y, the value of the exponent being related to the
optical-phonon energy.

Crystal anisotropy further affects carrier scattering.
The weakness of binding forces gives rise to a kind of pla-
nar defect (stacking faults or interlayer precipitates of im-
purities) parallel to the layers, which does not affect (or
affects very weakly) carrier mobility along the layer pu;
(normal to the c axis), but strongly reduces | (along the ¢
axis).

In the case of InSe, this model was first tested by Atak-
ishiev and Akhundov® for n-type material. They found a
Ley o« T2 law for electron mobility between 300 and 500
K, and deduced an energy of 28 meV for the optical pho-

29

non which scatters the electrons. Below 300 K they ob-
tained a ., < T—3/? law, typical of impurity scattering.
Shigetomi et al.,'° by means of Hall and photo-Hall ef-
fects in Zn-doped p-type InSe, obtained pj, o« 723 for
hole mobility and p,, « T~!® for electron mobility be-
tween 220 and 330 K. Houdy'! has found a p,; « T~ 16
law for electron mobility in Sn-doped n-type InSe between
100 and 300 K, and has also found that impurity scatter-
ing becomes dominant below a temperature of the order
of 60 K. Recently, Blasi et al.'? reported a p,, « T2 law
in n-type InSe samples and explained this dependence
through the interaction of electrons with a 22-meV optical
mode.

Electron mobility along the layers, u,; reaches, in InSe,
the highest values among layered semiconductors. Values
of the order of 10° cm?/V sec at room temperature®!%15
and higher than 10* cm?/Vsec at 60 K (Ref. 11) have
been reported. Those values are sufficiently high to facili-
tate the study of the magnetic field dependence of the
Hall coefficient.!!

In this paper we report results on the temperature and
magnetic field dependence of electron Hall mobility and
the magnetoresistance coefficient in n-type InSe. To our
knowledge this is the first time that the magnetoresistance
effect is investigated in a layered semiconductor.

Experimental results are presented in Sec. III. The tem-
perature dependence of electron mobility is discussed in
Sec. IV in terms of the Schmid model for optical-phonon
scattering together with the Brooks-Herring theory of im-
purity scattering.!® The magnetic field dependence of
Hall and magnetoresistance coefficients is also discussed
in Sec. IV using the Jones-Zener expansion.!’

II. EXPERIMENTAL

The InSe crystals were grown, using the Bridgmann
method,'®!® from a nonstoichiometric melt, In; ;,Seq g5
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TABLE 1. Columns 1, 2, and 3 contain, respectively, list, reference number of the crystal growth, and doping agents of InSe ingots
used in this work. Column 4: electron Hall mobility at room temperature (RT). Column 5: maximum value of electron Hall mobili-
ty between 4.2 and 500 K. Column 6: absolute temperature at which i, occurs. Column 7: minus the slope of the double-
logarithmic plot of mobility versus temperature at 300 K. Column 8: the same as column 7 at 100 K.

2
1 Ingot 3 5 6

InSe reference Doping agent URT Hmax T 7 8

ingot no. concentration (cm?/V sec) (cm?/V sec) (K) YRT Y100 K
I-a 688/219 Unintentionally doped 620 2 x10* 35 1.7 2.1
I-b 618/172 22 ppm Ga, 42 ppm S 800—1000 4 x10* 25—-35 1.7 2.2
I-b? 618/172 22 ppm Ga, 42 ppm S 800 1.1x10* 15 1.6 1.1
Ic 692/222 0.1 at.% Sn 700—900 1.3x10* 30 1.5 1.6
I-d 722/242 1 at. % Sn 700—900 1.1x10* 30 1.5 1
I-e 728/246 10 at. % Sn 600—800 1.5x10° 100 1.4 0
I-f* 682/214 0.1 at.% Cd 550 3.2x10° 60 1.25 1

2Annealed 500°C for 1 h.

®Originally strongly compensated p-type InSe, but returned to n-type InSe after annealing at 500°C for 1 h.

Doping agents, namely SnSe, GaS, etc., were added to the  larger than 5% 10° cm?/Vsec and u*B%>0.1. Low-field

polycrystalline powder. In this work we used samples
from the ingots listed in columns 1 and 2 of Table I. The
nature and concentration of doping agents are indicated in
column 3 of the table. The values indicated there refer to
the doping-agent concentration included in the polycrys-
talline powder. Chemical analysis!® shows that the actual
doping-agent concentration in the InSe monocrystal is
much lower due to the high value of impurity segregation
coefficients in InSe.!® A large part of the impurity atoms
is rejected towards the end of the ingot, and another part
remains in the form of interlayer precipitate planes.!!

Samples were prepared by cleaving from the ingot with
a razor blade. The interference fringe pattern in the in-
frared transmission spectrum enabled us to measure the
thickness of the slabs, which ranged from 5 to 40 um, the
size of the sample being around 5X 5 mm?.

Ohmic contacts for Hall-effect (HE) measurements
were made by soldering with high-purity indium. We
used the Van der Pauw configuration.’ The current
flows along the layer plane, and therefore, the results here
reported only refer to the electron mobility normal to the
¢ axis. Low-temperature HE measurements (7 < 300 K)
were carried out with a high-precision automatic ap-
paratus described in Ref. 21.

The sample was immersed in He gas in a cryostat. The
maximum magnetic field in this system was B =0.6 T.
High-temperature HE measurements were performed with
a standard system. The sample was heated in vacuum up
to 230°C and the magnetic field was B =0.3 T. HE mea-
surements at fixed temperature (7' =77 K) in a liquid-N,
immersion cryostat were also carried out. In this case, the
maximum magnetic field was B=2.1 T. Samples for
magnetoresistance measurements were provided with
indium-evaporated contacts in Corbino’s disk configura-
tion (inset of Fig. 6).

Above 200 K, electron mobility in our InSe samples is
smaller than 2X 10° cm?/Vsec and u?B?<0.01. There-
fore our HE results in this temperature range correspond
to the low-field limit. Below 100 K, electron mobility is

conditions are no longer fulfilled. Below 60 K, 1?B? is al-
ways larger than 1 and can be as high as 6, which enables
us to explore the magnetic field dependence of gal-
vanomagnetic coefficients.

III. RESULTS

A. Temperature dependence of Hall coefficient
and electron Hall mobility

In Fig. 1 we have plotted the Hall coefficient Ry versus
absolute temperature for one representative sample from
each ingot analyzed here. The right ordinate axis
represents the electron concentration as calculated from

n=1/qRy , (1)

where gq is the electron charge; we have supposed the Hall
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FIG. 1. Hall coefficient versus absolute temperature for
several InSe samples from different ingots: unintentionally
doped (curve 1), GaS-doped (curve 2), 0.1, 1, and 10 at. % Sn-
doped (curves 3, 4, and 5, respectively), 500°C-annealed GaS-
doped (curve 6), and 500°C-annealed Cd-doped (curve 7) sam-
ples.
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factor to be 1. This assumption will be discussed in the
next section. Discussion about impurity levels has been
reported elsewhere.”? If we examine the behavior of the
carrier concentration in these samples (which would be
equal to the ionized impurity concentration in noncom-
pensated samples), we can point out several factors neces-
sary for examination of the scattering mechanisms.

(i) Above 300 K, the carrier concentration does not
change with temperature in any sample; this means that
this temperature range corresponds to the exhaustion re-
gion through which all the shallow donors are ionized.

(ii) Below 20 K, the carrier concentration remains con-
stant. This anomalous degeneracy has been discussed else-
where?? and has been attributed to the trapping of elec-
trons in two-dimensional accumulation layers created by
planar sheets of ionized impurities according to a model
proposed by Nicholas et al.?**

(iii) Annealing, at 500 °C, of unintentionally doped sam-
ples, results in an increase of shallow-donor concentration
(curve 6 of Fig. 1) attributed to the diffusion of In atoms
from planar interlayer precipitates to interstitial sites
where they act as shallow donors.?? Because of that, orig-
inally compensated Cd-doped p-type InSe turns into n-
type InSe after annealing at 500 °C (curve 7).

Figures 2 and 3 show the temperature dependence of
electron Hall mobility p.y in several InSe samples from
different ingots: GaS-doped ingot I-b (Fig. 2), and Sn-
doped ingots I-c, I-d, and I-e (curves 1, 2, and 3, respec-
tively, in Fig. 3). The temperature dependence of p.y for
unintentionally doped and annealed samples is very simi-
lar to those shown in Figs. 2 and 3. Quantitative differ-
ences are summarized in Table 1.

For T <300 K, the values of u,y correspond to B =0.6
T, and for T>300 K, to B=0.3 T. This fact does not
modify the results, because for T > 300 K, low-field-limit
conditions are fulfilled and p.y is independent of B up to
B~2T.

We now outline the main features of these results.

(a) The highest values of u.y occur in GaS-doped InSe
(Fig. 2). That occurrence is consistent with the fact that

electron-trap concentration is lower than 10'! cm~? in
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FIG. 2. Hall mobility versus absolute temperature for four
samples from the GaS-doped ingot I-b.
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FIG. 3. Hall mobility versus absolute temperature for three
samples from the 0.1 at. % (curve 1), 1 at. % (curve 2), and 10
at. % (curve 3) Sn-doped ingots.

those isoelectronically doped samples, as revealed through
deep-level transient spectroscopy (DLTS) experiments.??
We studied GaS-doped samples in which the defect con-
centration was very low and where the lattice scattering
mechanism predominated down to a lower temperature
more intensively. In Fig. 4(a) we have plotted the room-
temperature mobility for several samples as a function of
the room-temperature carrier concentration as calculated
with Eq. (1).

(b) Through a temperature interval around a given T,
(at which p.z =po) the electron Hall mobility can be ex-
pressed in the form

My =I.L0( To/T)y . (2)

The value of ¥ depends on temperature and doping (Table
I, columns 7 and 8). In Fig. 4(b) we have plotted the
values of ¥ at room temperature versus the carrier con-
centration.

(c) Below T, the electron Hall mobility monotonically
decreases with temperature in each sample, and the results
show a larger dispersion than in the high-temperature
range, even for samples from the same ingot (Fig. 2).

B. Magnetic field dependence of the Hall coefficient

In the temperature range within which the mobility is
high enough to attain u’B?~1, we measured Ry as a
function of magnetic field B obtaining a zero-field value
Ry, by extrapolating the low-field values in the plot Ry

versus B2 To compare the field dependence at different
temperatures we should plot Ry versus y.,ZIB 2 pg being
the electron drift mobility which is equal to the high-field
limit of py. Unfortunately, B was not sufficiently high
to reach this limit. We have taken the value of electron
Hall mobility pyp,, corresponding to the maximum field
attainable, B,,=0.6 T. In Fig. 5, Ry /Ry, is plotted
versus (13, B2 for a high-mobility sample from the GaS-
doped ingot at three temperatures. At 4.2 K (curve 1 of
the figure), the Hall coefficient is strongly field depen-
dent. At 77 K, Ry does not depend on the magnetic
field. Between 4.2 and 77 K, the nonlinearity of the HE
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FIG. 4. (a) Hall mobility versus carrier concentration at room
temperature for several samples from different ingots: GaS-
doped ingot (A), and 0.1 at. % (M), 1 at. % (@), and 10 at. %
(#) Sn-doped ingots. Solid line: electron mobility in function of
ionized-impurity concentration, calculated via Egs. (18), (12),
and (29). (b) Minus the slope at room temperature, ¥, of the
double-logarithmic plot of u(T) versus the carrier concentration
for several samples: GaS-doped ingot (M), undoped ingot (A),
500°C-annealed GaS-doped ingot (O), 0.1 at.% (A), 1 at. %
(@), 10 at. % (O) Sn-doped ingots. and 500°C-annealed Cd-
doped ({) ingot. In the Cd-doped ingot we have also considered
the ionized compensating Cd acceptors (~6x 10'® cm—3). Solid
line: value of y versus the ionized-impurity concentration, Egs.
(18), (12), and (29).
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FIG. 5. Ratio of the Hall coefficient for a magnetic field B
to its zero-field limit versus the squared product of mobility and
magnetic field for a sample from the GaS-doped ingot of 4.2 K
(curve 1), 40 K (curve 2), and 77 K (curve 3).

becomes less and less significant. In the low-field limit,
Ry can be written as

Ry(B)=Ry (1—KyuypmB?) , 3)

where Ky is the slope of the curve for B—0 and takes
the following values: 0.7 at 4.2 K, 0.14 at 40 K, and O at
77 K.

C. Temperature and magnetic field dependence
of magnetoresistance

Magnetoresistance measurements in Corbino’s disk con-
figuration have been carried out. Current I flows radially
in the samples (inset of Fig. 6) from central contact 1 to
ring contact 4. The voltage measured between contacts 2
and 3 is denoted ¥V,;. The relative magnetoresistance is
defined in the following manner:

AR(B) V53(B)—V53(B =0)

R(B=0) V,3(B =0) ’ @

and the magnetoresistance coefficient H ,, is?
H,,=AR/B’R . (5)

We can define the magnetoresistance mobility . as
P 6)

We have only taken into account the results corre-
sponding to a relative magnetoresistance higher than 2%.
Figure 6 shows the temperature dependence of the magne-
toresistance mobility in a sample from the GaS-doped in-
got I-b, for B=0.6 T, between 4.2 and 150 K (curve 1)
and for B =0.8 T between 4.2 and 80 K (curve 2).

The temperature dependence of pu,,. (for B=0.6 T) is
very similar to that of uy (Fig. 2). The values are of the
same order, the maximum occurs at ~30 K, and here the
Umrc T~V law is also valid around a given temperature
To. For To=100 K we have y=2.3, very close to the
value y=2.2 for Hall mobility in samples from the same
ingot at this temperature. The main difference is the
magnetic field dependence of the magnetoresistance at the
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FIG. 6. Electron magnetoresistance mobility versus the abso-
lute temperature for a Corbino-disk sample from the GaS-doped
ingot, for B =0.6 T (curve 1) and 0.8 T (curve 2).
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FIG. 7. Ratio of the magnetoresistance coefficient for a mag-
netic field B to its zero-field limit versus the squared product of
mobility and magnetic field in a Corbino-disk sample from the
GaS-doped ingot, at 4.2 K (curve 1), 37 K (curve 2), and 75 K
(curve 3).

lowest temperature. At 4.2 K, u,,. is more strongly field
dependent than uy, but this feature disappears at higher
temperatures. In Fig. 6 the ratio between curves 2 and 1
tends to 1 with increasing temperature.

In Fig. 7 we have plotted the magnetic field dependence
of the magnetoresistance coefficient. The zero-field value
H,, is also calculated at each temperature by extrapolat-

ing the low-field value. Hy,(B)/Hpy, has been plotted

versus ,ufm smB? at three temperatures (lmr,Bm being the
magnetoresistance mobility for B=0.6 T). At 42 K
(curve 1 of Fig. 7), Hy, is very strongly field dependent,
decreasing to 30% of its zero-field value for B =0.6 T.
From 37 K (curve 2) to 75 K (curve 3), H,, becomes less
and less field dependent. For vanishing B, H . can be ex-
pressed in the form

Hmr(B)szro(l_Kmr.u‘snr,BmB2) ’ ™)

where K, is the slope of the curve for B—0. K, takes
the value 7.4 at 4.2 K, 0.4 at 35 K, and 0.08 at 75 K.

Magnetoresistance measuremenis in HE samples were
also performed. Resistivity in absence of magnetic field,
po, increases to pp when a magnetic field B is applied.
We can introduce a new magnetoresistance coefficient
H_,. (in the presence of the Hall effect, which partially
compensates magnetoresistance), which is similar to Eq.
(5) and the subsequent magnetoresistance mobility p;,.. In
Fig. 6 (curve 3) we have plotted u,,, (for B =0.6 T) versus
the absolute temperature, as measured in a sample from
the GaS-doped ingot, the Hall mobility of which is plot-
ted in Fig. 2 (sample 4). It is interesting to remark that
the ratio u,,./py decreases with increasing the tempera-
ture. It is of the order of 0.6 at 4.2 K and goes down to
0.25 at 70 K.

IV. DISCUSSION
A. Theoretical introduction

We now begin the discussion by introducing the physi-
cal concepts that we shall use to interpret our results.
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According to the Jones-Zener expansion,!”?* the mag-
netic field dependence of galvanomagnetic coefficients in
the low-field limit is determined by the function which re-
lates relaxation time 7 to the electron energy E (in case
the relaxation-time approximation applies to the scatter-
ing mechanism which we consider). In nondegenerate
semiconductors, mean values of the different powers of
the relaxation time are defined via

(1")=—3—;—7—r fowf’(u)e‘“u”zdu , (8)

where u =E/kT and k is the Boltzmann constant.
Several factors related to 7(E) are introduced as follows.
We have

A, =7ty /(r)r+L, 9)
The zero-field value of Ry is
RH0=A1/qn N (10)

and the low-field value is

Ry(B)=Ry [1—puiBXA]—24,+45/4))], (11
where 4 is the drift mobility

pa=q{r)/m* (12)

and m* is the electron effective mass. The zero-field

value of Hall mobility is then
ma=A1lq - (13)

The zero-field value of the magnetoresistance coefficient
in Corbino’s disk configuration (i.e., in absence of the HE)
is

HmrozAZ,utzi ’ (14)
and the low-field value is
H g B) = Hoe [ 1—p3BH Ay /Ay — 4)] (15)

The zero-field value of the magnetoresistance mobility
Hmr, is then

Hnny=(A2) g 1)

In the presence of the Hall effect, magnetoresistance is, in
part, compensated, and we have

Hyp o =(Ay— A})pj . 17

We now introduce the relaxation time of the different
scattering mechanisms that we shall take into account in
our discussion.

(a) Scattering by homopolar optical phonons. In this
case, Schmid and Fivaz!>!* give the following expressions
for the relaxation time 7gg:

1 1.1 (18)
TSF T_ ’T+
L g% (E gt DY (19)

(phonon-absorption contribution), and
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TABLE II. Coefficients which appear in the Jones-Zener expansion (column 1). Theoretical values of these coefficients for an

energy-independent (column 2), E~1/2

-dependent (column 3), and E>*/%-dependent (column 4) relaxation time. Estimation of the ex-

perimental coefficients in high-mobility InSe samples (I-b ingot) at 4.2 K (column 5), 37—40 K (column 6), and 75—77 K (column 7).

3
Acoustic phonons,
2 high-temperature homopolar
1 Low-temperature optical phonons, and 4
Scattering homopolar optical phonons low-temperature ionized High-temperature 5 6 7
mechanism and neutral impurities impurities ionized impurities Results in this work
p= 0 -+ 3 42 K 37-40 K 75-77 K
A, 1 1.18 1.93 ~1.2 ~1.1 1
A} —24,+A43/4, 0 1.39 615 ~07 ~0.14 0
A, 1 1.77 5.90 ~2 ~1 ~1
(A42)12/4, 1 1.13 1.26 ~15 ~1 ~1
A,— A3 0 0.38 2.18 ~05 ~0.15 <0.05
Ay/A,— A4, 0 a 18.8 ~74 ~04 <0.08
*Undetermined; for p = — %, this coefficient includes I'(0).

—1— =0, E < ﬁa)p},
T+
(20)

- =28%0p(n +1NE /o', E > fiog,
+

2

(phonon-emission contribution). g“ is the electron-

phonon coupling constant,
6,21 m*372

- , 21
8 S WA MN# Fiw )

#iwyy is the energy of the phonon mode, €, is the deforma-
tion potential per unit displacement with respect to the
normal coordinate of the phonon mode, M is the reduced
ionic mass of the phonon mode, N is the number of cells
per unit volume, and » is the phonon occupation number,

1
oo kT_ | :
(b) Scattering by ionized impurities.
Brooks-Herring relaxation time,

N 4E——3/2
LS (146 —b/(1 4],  (23)

We use the

e 16V 2m7m
8m* ekT
b=——F—E (24)
nq*#

N; is the ionized-impurity concentration, € is the low-
frequency dielectric constant of the semiconductor, and n
is the free-carrier concentration.

(c) Scattering by neutral impurities. We use the Ergin-
soy equation,?$

m*2e2

—_—, (25)
80me#2Ny

TN =

where Ny is the concentration of neutral impurities.

The values of the above-defined different coefficients
can be readily obtained, when 7 depends on E, via a sim-
ple relation 7« E? where p is an integer or semi-integer
number. In Table IT we have quoted the values of several

coefficients for different values of p. The temperature

dependence of the drift mobility can be obtained from Eq.

(12) where {7) is calculated through use of Eq. (8) with
=1

B. Magnetic field dependence of Ry and H,,,

The quantitative information that can be extracted
from our results is somewhat rough because of the limita-
tion of the magnetic field up to 0.6 T. Nevertheless, we
can try to take advantage of these results in order to ob-
tain physical conclusions. We shall estimate the experi-
mental values of the coefficients quoted in Table II.

(a) A;. In Fig. 5 we can see that the slope of curves 1
and 2 decreases with increasing B? from their zero-field.
values (0.7 and 0.14, respectively) to a considerably lower
value at the highest field (0.03 and 0.015, respectively). It
seems reasonable to plot RH(B)/RH0 versus 1/B? and to

obtain a high-field limit by extrapolating to B— «. The
inverse of the value so obtained would be 4,. We obtain
Ay=1.2at42K and 1.1 at 40 K. At 77 K, Ry does not
depend on B, and therefore 4,=1.

(b) A?—2A4,+A;/A;. The previous results for the 4,
estimation show that uy p, differs from high-field limit
Uq by less than 2%. Thus, we can identify Ky in Eq. (3)
with 43 —24,+ A;/A, with an error of the order of 4%.

(c) A;. We can guess this factor by the ratio of Hy,,
to ,u

(@) (44,
nu'mro/ F'HO

(e) A,— A} I We can obtain this coefficient through the
ratio H mro/p.H Bm» Or calculate it directly from the es-
timated values of 4, and 4,. Both methods yield values
of the same order.

() A4/A;—A,. With the same accuracy, this factor
can be identified with K, in Eq. (7).

In columns 5, 6, and 7 of Table II, we have quoted the
values so obtained at 4.2, 37—40, and 75—77 K, respec-
tively. At 4.2 K, those values are close to the theoretical

It may be identified to the ratio
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ones for p = —+, which could be explained by the low-
temperature form of the impurity-scattering relaxation
time. Nevertheless, this result must be used with caution,
as it concerns electrons trapped in two-dimensional accu-
mulation layers.?>?* The lack of information about size
and concentration of these defects does not permit defini-
tive conclusions.

At 75—77 K, all of the coefficients seem to correspond
to an energy-independent relaxation time—this can also be
the case for homopolar optical scattering in the low-
temperature limit. The electron energy would be very
small with respect to fiw,p, and the relaxation time would
be

TSF=7'_=(2g2a)phn)_1 . (26)

Fivaz and Schmid!* have also shown that in a two-
dimensional model of a layered semiconductor, with a
two-dimensional electron density of states, the relaxation
time for homopolar optical scattering does not depend on
electron energy. Nevertheless, band-structure calcula-
tions?’ and cyclotron-resonance measurements?>2* exclude
this possibility for InSe, which has a three-dimensional
band structure.

At 37—40 K, the values of the coefficients are inter-
mediate between the ones for p = — 5 and those for p =0,
which may indicate the presence of both scattering mech-
anisms. A dominance of impurity scattering at high tem-
peratures must be excluded. The theoretical values of
column 4 in Table II are very different from the experi-
mental ones at any temperature.

C. Temperature dependence of electron mobility

The temperature dependence of the drift mobility can
be theoretically calculated through Egs. (8) and (12). Hall
mobility would be obtained via Eq. (13) after determining
the dominant scattering mechanism. The magnetic field
dependence of Ry and H,, indicates that
homopolar—optical-phonon scattering dominates above
77 K. At 77 K, we have obtained 4;=1. At the highest
temperature the electron mobility is low and a magnetic
field as high as 10 T would be necessary to obtain A4;.
Taking into account that the high-temperature limit of
7sr is proportional to E ~!/2, A4, would change between 1
(at kT <<fiwy,) and 1.18 (at kT >>fiw,,). The change
that this correction would introduce in the slope of the
double-logarithmic plot of mobility versus temperature is
sufficiently low to be neglected. In the low-temperature
range, where impurity scattering dominates, we have seen
that A, varies between 1.2 and 4.2 K and 1.1 at 40 K.
The dispersion of results of this temperature range allows
us to neglect the correction. Therefore, we can consider
A;=1 in the entire temperature range without losing
physical information.

We shall begin interpreting the results in the high-
temperature range using the Schmid-Fivaz model. In or-
der to calculate uy(T) with 7gg, two parameters must be
determined, the phonon energy #iw,, and the electron-
phonon coupling constant g2. The electron effective mass
in InSe has been determined by Portal et al.,2%23%4
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m1=0.131m,, m};=0.081m,,

where m is the electron mass.

Through Raman measurements,”® 3! two homopolar
optical phonons with 4} symmetry and polarization vec-
tors normal to the layers have been detected in InSe. The
energies of these phonons are #w;=14.3 meV and
#iw,=27.8 meV. Displacement vectors are shown in the
inset of Fig. 8. Instead of considering iw,, as a fitting
parameter, we shall start calculating p4(7T) with 7sg for
both phonon energies, and then compare these results with
experimental results. Therefore, the only setting parame-
ter is the coupling constant g2, which can be chosen so as
to obtain the highest value of electron mobility at room
temperature. Afterwards, we will introduce the impurity
scattering and verify if it changes the calculated room-
temperature mobility.

The highest measured value of electron mobility at 300
K is 980 cm?/Vsec. To obtain this value with Egs. (8),
(12), and (18), we must set g2=0.06 for fiwoy,=14.3 meV
and g2=0.10 for #w ph=27.8 meV. In Fig. 8 we have
plotted the calculated ,ud(T) for #iw,,=14.3 meV (curve
1) and 7wy, =27.8 meV (curve 2). Curve 2 does not fit
the experimental results at all. The slope of this curve at
300 K is 2.3, considerably higher than experimental value,
1.7. On the other hand, curve 1 perfectly reproduces the
experimental results between 120 and 500 K, but departs
from it below 120 K, which can be explained by the pres-
ence of impurity scattering. This mechanism (as well as
neutral impurities, dislocations, etc.) may also work at
room temperature. Therefore, the highest measured value
of electron mobility may be lower than the “intrinsic”
electron mobility (i.e., the electron mobility limited only
by lattice scattering). In Fig. 6(a) the effect of doping on
room-temperature mobility clearly appears. Thus, we
shall introduce the impurity scattering through the
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FIG. 8. Comparison between experimental and calculated
p(T). Experimental points: one sample from the GaS-doped in-
got (@) and another from the 0.1 at. % Sn-doped ingot (H).
Curve 1: calculated mobility for the Schmid relaxation time
with g2=0.06 and #iw,,=14.3 meV. Curve 2: calculated mo-
bility for the Schmid relaxation time with g2=0.1 and
fiw,, =27.8 meV. Curve 3: calculated mobility for the relaxa-
tion time given by Eq. (29) with g?=0.054, #iw,,=14.3 meV,
N;=2X10"* cm~3, and N,=1.5%10"° cm~3. Curve 4: the
same as curve 3 with N;5X 10" ¢cm~2 and N,=5X10° cm~—3.
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Brooks-Herring relaxation time, and recalculate py at
room temperature with

1/7=1/1sg+1/78y . 27

The low-frequency dielectric constant of InSe is aniso-
tropic (€)=9.9 and €,=10.9).3? Taking the mean value
€=(e€2)'*=10.6 and making N; equal to the room-
temperature carrier concentration in GaS-doped samples,
n =1.5%10'* cm~3, the calculated value of u,; at room
temperature decreases to 800 cm?/Vsec. In order to ob-
tain the experimental value with both scattering mecha-
nisms, we must take a longer coupling constant,
g2=0.054.

We have calculated the room-temperature mobility as a
function of N;. We suppose N;=n, which is true at

J
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room temperature in noncompensated samples. The cal-
culated p4(Ny) is plotted in Fig. 4(a), and fits the highest
values of measured electron mobility for each carrier con-
centration.

To obtain p4(T) we must introduce a new hypothesis in
our model. The carrier concentration and, therefore, the
ionized-impurity concentration, changes with temperature
as plotted in Fig. 1. The experimental curve n(T) can be
reproduced through a phenomenological model. Two im-
purity levels are supposed to exist in InSe.?> One of them,
with zero ionization energy, remains ionized even at the
lowest temperature, and its concentration is N;. The oth-
er has an ionization energy E;, and a concentration N,.
The carrier concentration can be expressed as a function
of temperature,?

n(T)=+{[N.exp(—E;,/kT)—2N,1*+8N.(N{+N,)exp(—Ez,/kT}'* — + [N, exp( —Ez,/kT)—2N,] . (28)

N, =2(mJkT /2mwh?)*/? is the effective density of states in
the conduction band and mj =(mfjm??)!/>. The ioniza-
tion energy is 18.5 meV in undoped samples and 44 meV
in Sn-doped samples.?

We also take into account the scattering effect of neu-
tral impurities, supposing that the only neutral impurities
in the sample arise from the freezing out of electrons in
the donor levels. Therefore, the concentration of neutral

impurities is
NN =N1 +N2 —hn .

We can now calculate u;(T) with a relaxation time,
taking into account the three contributions,

V/r=1/1sg+1/78u+1/75 , (29)

where Ty is given by Eq. (25).

In Fig. 8 we have plotted the calculated py(T) for the
relaxation time given by Eq. (29) for one undoped sample
(E4,=18.5 meV). The best fit to the experimental results
for sample 1 of the GaS-doped ingot (Fig. 2), taken here
as representative, is obtained for N;=2X10"* cm~3 and
N,=1.5%10" cm~3 (curve 3 of Fig. 8).

We have also applied this model to interpret the results
on 0.1 at. % Sn-doped samples, the experimental points of
which are reproduced in Fig. 8. Curve 4 in this figure has
been calculated taking E;,=44 meV, N;=5Xx10"* cm—3,
and N,=5%10" cm™3. The fit is good in the high-
temperature range, but it fails at low temperature. The
model also fails for highly doped samples (1 and 10 at. %
Sn- and Cd-doped InSe); this may be due to the presence
of acceptor levels which remains ionized even at the
lowest temperature. That is true for intentionally Cd-
doped InSe which contains ~ 10'® Cd acceptors per cm?.
In the case of 10 at. % Sn-doped samples, acceptors may
be present from residual impurities contained in tin. We
have also calculated the value of exponent y at room tem-
perature as a function of the ionized-impurity concentra-
tion [solid curve in Fig. 4(b)].

In conclusion, homopolar—optical-phonon scattering
predominantly determines the electron mobility between

120 and 500 K. Our results show that impurity scattering
is also present in this temperature range. It reduces the
electron mobility and the exponent ¥ present in Eq. (2),
which enabled us to interpret the experimental results
without taking the phonon energy as a fitting parameter,
but using instead the measured value of #iw,.

Our results are consistent with Bourdon’s band-
structure calculation of InSe,?” which shows that the up-
permost valence band and the lowest conduction band are
mainly determined by the In—In bond and antibonding
orbitals. The 14.3-meV A ] phonon strongly stretches the
In—In bond and must be coupled to electrons. The 27.8-
meV mode also stretches this bond, but the coupling con-
stant inversely depends on phonon energy and must be
lower.

Schmid and Fivaz'*!* also show that electron-phonon
interaction is responsible for the main part of the tem-
perature dependence of the energy gap in layered semicon-
ductors. Camassel et al.** have shown that the tempera-
ture dependence of the InSe gap, as well as the broadening
of the exciton-absorption peak, can be accounted for by
the coupling of electrons with a 14-meV homopolar pho-
non, which confirms our results. Nevertheless, the cou-
pling constant determined by these authors, g?=0.25,
differs from our results. If we let g2=0.25, the electron
mobility at room temperature will be of the order of 230
cm?/V sec, which is less than one-fourth of the electron
mobility in the GaS-doped ingot. This contradiction may
be explained by the fact that the valence band also takes
part in the temperature dependence of the gap, as well as
in the broadening of the exciton-absorption peak. The
value g2=0.25 may correspond to the valence band. The
value g2=0.054, determined from electron mobility, is
clearly associated with the conduction band.

In the case of GaSe, Schmid and Voitchotsky® found
nearly the same temperature dependence for electrons and
holes (p, < T2 and pj « T—"°). The electron-phonon
coupling constant has the same value, g2=0.25, whether
it is obtained from transport measurements or from the
temperature dependence of the gap. They conclude that
the main contribution to the temperature dependence of
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the gap comes from the valence band. This also seems to
occur in InSe. Nevertheless, Shigetomi et al.!° found, in
Zn-doped p-type InSe samples, different temperature laws
for electron and hole mobilities (u, < T~¢ and
wp « T~23 between 220 and 330 K). The slope of curve 2
in Fig. 8 at room temperature is 2.3. In the Schmid
model it would mean that holes in InSe are scattered by
the 27.8-meV A] phonon. In Bourdon’s InSe band-
structure calculations, the absolute maximum of the
valence band is not at the I' point. The maximum is 20
meV higher than the I' extremum and also has a contribu-
tion from the In—Se bond. The 27.8-meV A4 phonon,
which also stretches the In—Se bond, could be more
strongly coupled with holes than the 14.3-meV mode.
Unfortunately, the coupling constant for holes cannot be
accurately obtained since no direct measurements of the
hole effective mass are available. The hole mobility in
InSe is py; ~30 cm?/V sec!®!11519 To obtain this value
in the Schmid model, we must allow m}g?/m,=0.43.
Taking g7=0.25,>> we would obtain mj =1.7m,, which
lies below the values calculated by Bourdon (5m at the I’
point and 8m, at the absolute maximum of the conduc-
tion band).

D. Magnetoresistance

The behavior of the magnetoresistance mobility pp,, in
the temperature range through which we could perform
accurate measurements is nearly the same as pg. This is
made clear in our discussion of the Jones-Zener expansion.
We have seen that over the entire temperature range, the
Hall factors 4, and A, are very close to unity. There-
fore, the magnetoresistance mobility is very close to @y
and shows the same temperature dependence.

V. CONCLUSIONS

The results reported here confirm the validity of the
Schmid model for homopolar—optical-phonon scattering

in layered semiconductors. The temperature dependence
of electron mobility in undoped n-type InSe above 120 K
can be explained by the coupling of electrons with a 14.3-
meV phonon which may be identified as the low-energy
A phonon. This process has also been proposed to ex-
plain the temperature dependence of the gap in InSe.**
We have also determined the electron-phonon coupling
constant g2=0.054 which differs from the value
g*=0.25 given in Ref. 33 from optical measurements.
Our result clearly corresponds to the conduction band.
Therefore, the value 0.25 should be associated with the
valence band.

To give an exact account of the room-temperature mo-
bility and the exponent ¥ which appears in the g o T~7
law, we have also taken into account the ionized- and
neutral-impurity scattering, and calculated the electron
mobility and exponent ¥ as a function of the impurity
concentration.

The magnetic field dependence of the Hall and magne-
toresistance coefficients are able to be explored due to the
high value of electron mobility in InSe. Using the Jones-
Zener expansion, we could interpret the results showing
that, by increasing the temperature, the dominant scatter-
ing mechanism changes from one with a strongly energy-
dependent relaxation time at 4.2 K (impurity scattering)
to one with a smoothly energy-dependent relaxation time
at 77 K (homopolar—optical-phonon scattering). This
fact also explains that increasing the temperature in-
creases the linearity of the Hall effect (for identical values
of u2B?). It also explains the similarity of Hall and mag-
netoresistance mobilities.
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