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Three-dimensional electrons and two-dimensional electric subbands in the transport properties
of tin-doped n-type indium selenide: Polar and homopolar phonon scattering
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Electron-scattering mechanisms in n-type indium selenide doped with different amounts of tin are
studied by means of the Hall effect (30—300 K) and photo-Hall effect (300 K). The electron mobility
at room temperature is found to increase with the free-electron concentration in samples with low
tin content. The same behavior is observed when the electron concentration increases due to
thermal annealing or photogeneration. That is explained through the presence of two kinds of free
electrons contributing to the charge transport along the layers: high-mobility three-dimensional
(3D) electrons in the conduction band, and low-mobility two-dimensional electrons in the electric
subbands. These 2D subbands are proposed to exist in InSe due to size-quantization effects in thin
layers located between two stacking faults. In these regions electron states become higher than
conduction-band states. Electrons are transferred outside these regions and are conGned in 2D sub-
bands by the resulting electric Geld. In regard to the electron-scattering mechanisms, it is shown
that LO polar phonons play an important role in the scattering of 3D electrons, whose mobility has
been calculated by an iteration method. From a comparison with experimental results, we show
that the coupling constant for the 3D electron-phonon deformation-potential interaction has been
overestimated in previous calculations The relaxation time for the scattering of 2D electrons by
homopolar phonons is determined by using a variational wave function, and the calculated 2D mo-
bility decreases when the localization of the 2D subbands along the c axis increases.

I. INTRODUCTION

The transport properties of indium selenide (InSe)
along the layers have been widely investigated in the past
twenty years. ' ' At high temperature ( T ) 100 K) the
electron Hall mobility p,H can be expressed in a given
temperature range in the form p,II ~ T, where the ex-
ponent y varies between 1.45 and 2. Experimental results
have been analyzed in the framework of the Schmid and
Fivaz model for homopolar phonon scattering. " ' Ac-
cording to this model, the exponent y depends on the en-
ergy Ace„h of the phonons that scatter the electrons, and
the dimensionality of the electron gas.

Table I summarizes the main results found in the
literature about the electron scattering in InSe. The first
thing to point out is the fact that only in Refs. 5, 9, and
10 ionized impurity scattering is taken into account in a
quantitative interpretation of the temperature depen-
dence of electron mobility. However, most of the report-
ed experimental results strongly suggest the presence of
such a scattering mechanism. The values of the phonon
energy and the electron-phonon coupling constant, ob-
tained with a model that only includes scattering by lat-
tice vibrations, are hardly significant.

It is also evident that there is no agreement upon the
dimensionality of charge transport in InSe among the
diFerent authors. While the three-dimensional (3D) char-
acter of InSe is theoretically (band-structure calcula-

tions' ) and experimentally (cyclotron resonance mea-
surements' ) well established, some authors interpret
their data with a 2D model. The observed 2D behavior
has been related to the existence of 2D electric subbands
in electron accumulation layers created by planar aggre-
gates of donor impurities bound to stacking faults. '

The relaxation time for homopolar optical-phonon
scattering in the 20 case was deduced by Fivaz and
Mooser" under the assumptions of a 2D density of states
and translational symmetry along the c axis. Then it can-
not be applied to electrons in an electric subband because
the second condition is not fulfilled, its localization along
the c axis being strongly dependent on the shape of the
potential near to the planar defect.

.Table I rejects the fact that all the authors have only
invoked scattering by the homopolar optical phonon in
order to interpret the temperature dependence of electron
mobility in InSe. Schmid and Fivaz" ' have em-
phasized that this peculiarity of layered semiconductors
is related to the low site symmetry in these materials, that
leads to very high electron-phonon deformation poten-
tials. In fact, the existence of electron-deformation-
potential interaction has been recently confirmed by
Howell et al. through cyclotron-resonance (CR) experi-
ments in the InSe 2D electron gas at 1.5 K and with mag-
netic fields up to 25 T. Nevertheless, they estimate a very
low coupling constant (g =0.0015) of 2D electrons to
the 14.3-meVA', hornopolar phonon, in contrast with
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TABLE I. (1) Literature results on electron scattering in InSe: (2) temperature range, (3) electron mobility at 300 K, (4) maximum
electron mobility, (5) temperature at which it occurs, (6) slope at 300 K of the double logarithmic plot mobility vs temperature, (7)
slope at 100 K, (8) energy of the homopolar optic-phonon coupled to electrons, (9) electron-phonon coupling constant, (10) dimen-
sionality of the electron gas.

Reference

1

2,3
4
5

6
8
9
10

2
Temperature range

(K)

100-600
4-300

140-300
4-500

100-300
4-300

85-300
80-300

9300 K
(cm /V s)

650
900
400
980
700
600
850
990

i max

(cm'yV s)

890
10000

900
40 000

3 100'
16 000

8 500
11 890

5

max

(K)

350
60

200
30

40

7300 K

—1.50'
1.60
2.00
1.70
1.55
1.44
1.70
1.43

3'ioo K

—1.50
1.60

—1.50b

2.20
1.55
2.10
1.90
2.50

8

%cosh

(meV)

29.7

22.0
14.3
14.3

14.3
14.3

9

0.025

0.250
0.054
0.069

0.063
0.015

10
D

'In this reference the dependence p ~ T occurs for T )400 K.
This value of y corresponds to the interval 140—200 K.

'This value corresponds to 100 K. In the studied temperature range p( T) does not exhibit a maximum.

values of Table I. We believe that their estimation is not
well founded because it is based on the self-energy equa-
tion given by Schmid' for the 3D case. Even the use of
the Fivaz-Schmid equation for the 2D case' would be
inadequate as well due to the lack of translational sym-
metry. Indeed, if g is estimated from the cyclotron mass
discontinuity occurring when the Landau level energy
crosses the A '& phonon energy (Fig. l in Ref. 20) by using
the effective-mass renormalization equation given by
Fivaz and Schmid, ' the value of g would be comprised
between 0.015 and 0.03, which is half the lower value in
Table I and would lead to electron mobilities higher than
2000 cm /V s at room temperature. The results of
Howell et al. also show that the coupling of 2D elec-
trons in InSe to LO polar phonons is very strong.

A reexamination of the electron-scattering mechanisms
in InSe is then necessary, especially in those which con-
cern the role of LO polar phonon scattering in both the
3D and 2D cases, which have been neglected up to now.
A more realistic approach to the problem requires, on the
one hand, systematic measurements in InSe samples with
different free-electron and impurity concentrations, in or-
der to elucidate the inAuence of impurity scattering.
That can be achieved by doping with tin, which turns out
to be a quite reproducible way of controlling the electron
concentration in InSe. ' On the other hand, a model of
the electronic levels in the 2D defects is needed if one in-
tends to determine how electrons in the 2D subbands
contribute to charge transport in InSe.

In this paper, we report Hall-e8'ect (HE) measurements
in the n-type InSe samples with different tin contents.
Experimental results are presented in Sec. III. Section IV
is devoted to the discussion and interpretation of experi-
mental results on the basis of a model in which both 2D
and 3D electrons are taken into account in the whole
temperature range and 2D subbands are related to size-
quantization effects in thin layers between two stacking
faults. Polar phonon scattering of 3D electrons is shown
to be relevant at room temperature. The introduction of
such scattering mechanism involves the use of the itera-

tion method in the calculation of electron mobilities. As
a result, the coupling constant of 3D electrons to homo-
polar phonons is shown to have been overestimated in
previous calculations.

In this paper we will limit ourselves to the problem of
phonon scattering, and a model for homopolar phonon
scattering in 2D subbands is proposed in Sec. IV. Impur-
ity scattering will be discussed in a future paper where
HE measurements at liquid-helium temperature will be
reported.

II. EXPERIMENT

InSe monocrystals have been grown by the Bridgman
method from a nonstoichiometric melt In& 05Seo 95 The
tin is introduced in the preparation of the polycrystalline
melt as SnSe. The percents of tin used are 0.01, 0.03,
0.1, 1, 3, and 10. It has been shown that only a small
part of the tin remains in the InSe crystal, the rest being
rejected to the end of the ingot.

Samples were cleaved from the ingots with a razor
blade and cut into parallelepipeds 10—20 pm thick and
about 3X5 mm in size. Evaporated In contacts were
made in the classical configuration for such sample shape.
The resistivity and HE measurements as a function of
temperature were made in a closed-cycle Leybold-
Heraeus cryogenic system. The magnetic field intensity
was 0.6 T. The photo-HE measurements were carried
out by illuminating the sample with infrared light emitted
by a GaAs electroluminescent diode. Several samples
with low tin content were also studied after annealing
them in vacuum at 300 C for 1 h.

III. RESULTS

Figures 1 and 2 show the electron Hall mobility p,H
versus absolute temperature for several samples from
each ingot. Table II gives the mean values of p,~ at 300
and 30 K, the maximum value of p,~, the temperature at
which it occurs, the mean electron concentration at 300
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FIG. 1 ~ Hall mobility vs absolute temperature for low-tin-

content samples.
FIG. 2. Hall mobility vs absolute temperature for high-tin-

content samples.

K and the y exponent at 300 and 100 K. The electron
concentration has been calculated from the Hall
coefficient with the assumption that the Hall factor is 1,
which has been widely discussed in Refs. 5 and 11. Fig-
ure 3 shows the Hall mobility at 300 K as a function of
the electron concentration in the different samples.

The evolution of the temperature dependence of elec-
tron mobility with tin content corresponds, in general, to
the expected behavior. Nevertheless, an anomaly is ob-

served at room temperature in the samples with the
lowest tin contents (0.01%, 0.03%, 0.1%, and 1%): the
electron mobility turns out to increase with the electron
concentration (Fig. 3). Two more experiments confirm
that this behavior is a property of these InSe samples in-

dependent of the way in which the free-electron concen-
tration increases.

A. Photo-HK measurements

Table III gives the results of HE and photo-HE mea-
surements in three samples from the 0.01% tin-doped in-

got. The photoenhancement of electron mobility is ap-
parent. This effect is stronger for samples with lower
electron mobility in the dark (see column 5 in Table III).

B. HE measurements in thermally annealed samples

It has been shown that the room-temperature electron
concentration in n-type InSe samples increases from 10'
cm to more than 10' cm after thermal annealing at
temperatures higher than 300'C, and then relaxes to the
previous value in a slow process than can last several
days. Table IV shows the results of such experiment for
several samples from the 0.01% tin-doped ingot. The
electron Hall mobility increases by nearly 80% when the
electron concentration varies from 10' to 2. 10' cm
Figure 4 shows the temperature dependence of Hall mo-
bility for one sample of the 0.01 Sn-doped ingot before
and immediately after annealing. The increase of Hall
mobility in the high-temperature range after annealing is
clearly illustrated.

A word should be said about the behavior of the ex-

TABLE II. Summary of the transport properties of tin-doped InSe: (1) tin content, (2) room-temperature electron mobility, (3)
electron mobility at 30 K, (4) maximum electron mobility, (5) temperature at which it occurs, (6) slope at 300 K of the double loga-
rithmic plot p( T), (7) slope at 100 K, (8) electron concentration at room temperature.

1

Tin content

(%%uo)

@300 K

(cm /Vs)
93O K

(cm /V s)
Pmax

(crn /V s)
max

(K)
'V3OO K 100 K &3OO K

(10"cm-')

0.01
0.03
0.1

1

3
10

550
700
720
860
700
600

20 000
8 000
4 000
2 500
1 500

400

21 400
15 500
7 000
5 200
1 740
1 100

40
50
60
80
90

130

1.70
1.75
1.70
1.60
1.25
1.15

2.20
2.15
1.90
1.10
0.65

—0.60

1.5
1.9
4.1

42.0
57.0

110.0
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FIG. 3. Room-temperature electron Hall mobility vs electron
concentration in tin-doped InSe (experimental points) and cal-
culated electron mobility at room temperature vs electron con-
centration (dotted lines) for several values of the compensation
ratio: (1) no compensation, (2) 20%%uo, (3) 40%%uo, (4) 60%, and (5)
80%.

ponent y. At room temperature y has nearly the same
value in the low tin content samples, while in the high tin
content ones it depends on the electron concentration.
Around 100 K, y is also strongly dependent on the tin
content. This is also the case for the maximum mobility
and the temperature at which it occurs.

IV. DISCUSSION

A. Scattering mechanisms of 3D electrons in InSe

Results of HE measurements on InSe samples with the
highest electron mobility (10 and 4. 10 cm /Vs at 300
and 30 K, respectively) were published in Ref. 5. lt was
shown that the temperature dependence of electron mo-
bility in the range from 40 to 300 K can be quantitatively
accounted for by a 3D model, in which three scattering
mechanisms were considered: (i) homopolar optical pho-
nons, through the Schmid-Fivaz 3D relaxation time
(ii) ionized impurity scattering through the Brooks-
Herring relaxation time; and (iii) neutral impurity
scattering through the Erginsoy relaxation time.

The large dispersion of values of homopolar optical-

phonon coupling constant g and a recent paper by
Howell et al. , where g could be as low as 0.0015,
make it necessary to consider (i) if there is another contri-
bution to the mobility, coming from a scattering mecha-
nism that has not been taken into account up to now; (ii)
if the dimensionality of that model is correct. Cyclotron
resonance results, ' ' as well as the temperature depen-
dence of the electron concentration, ' suggested that free
electrons in those EnSe samples have 3D character and
that only below 20 K they behave strictly two dimension-
ally, Then the study of the mobility in. the 40—300 K
temperature range must be done with a 3D model.

The possible scattering mechanism that have not been
considered are LA phonons and LO polar phonons. A
first approximation of the deformation potential for LA
phonons comes from the volume compressibility and
the pressure coe%cient of the gap, which yields
E„=1.4 eV. Another estimation, based on the GaSe de-
formation potential calculated by Schluter ' for changes
in the Ga—Se bond yields E„=3.2 eV. Even with the
highest value of E„and taking the elastic modulus at
InSe C&& =1.18X10" Pa, the Bardeen-Shockley mod-
el for acoustic-phonon scattering leads to an electron
mobility of the order of 9 X 10 cm /V s at 300 K, two or-
ders of magnitude higher than the actual values, which
means that the e6'ect of acoustic phonons can be neglect-
ed.

In the case of LO polar phonons we have calculated
the Frohlich constant in InSe taking the CR electron
eftective mass, ' the dielectric constants, and LO polar
phonon frequencies from Refs. 35—37, which yields, re-
spectively, 0.26, 0.31, and 0.31 for ui, and 0.06, 0.075,
and 0.073 for aii. As the electron-scattering rates for LO
polar phonons are obtained through an integration over
all the possible directions of the phonon moment, we
have taken an angular average of the Frohlich constant
over the whole solid angle. Assuming the main angular
dependence of the Frohlich constant arising from the an-
gular variation of the dielectric constant, we obtain
c7=0. 144 (for ai=0. 3 and aii=0. 07). With that value of
o.' and taking AcoL0=27. 3 meV, we have calculated
the LO polar phonon limited electron mobility through
an interaction method. ' Curve 2 in Fig. 5 is the result
of that calculation. If we compare it with the experimen-
tal results in the highest mobility samples reproduced as
open squares in Fig. 5, it is clear that LO polar phonons
are important in determining the electron mobility in

TABLE III. Photo-Hall-effect results in 0.01%%uo Sn-doped InSe. Resistivity (column 2), electron con-
centration (column 3), and mobility (column 4) in the dark (D) and under illumination (I); (5) ratio of
the relative increase of the Hall mobility to the relative increase of electron concentration.

Sample

D
9.00
8.99
9.30

(0 cm)

I
6.18
6.34
7.50

D
1.48
1.08
1.27

(10" cm )

I
1.73
1.39
1.45

D
470
645
529

4

(cm /Vs)

584
710
573

Ap/pD
An /nD

1.43
0.38
0.58
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Sample

2

P
(0 cm) (10" cm ')

4

p
(cm'/V s)

TABLE IV. HE results in annealed samples. Resistivity
(column 2), electron concentration (column 3), and mobility
(column 4) of two samples before (B) and after ( A ) annealing. 10:

y/
/)

4~

5 1 2
3D MODEL

B
12.4
9.3

A

0.42
0.27

B
1.23
1.27

A

21.6
26.0

B
408
529

A

682
895 10

InSe. It is also clear that the mobility, calculated consid-
ering only polar phonon scattering, cannot explain the
temperature dependence in the high-temperature range.
At high temperature the LO polar phonon mobility tends
to the well-known dependence pL&~ T ', whereas the
experimental mobility decreases with a higher slope
(p~ T ' ). We must then introduce the homopolar
phonon scattering, along with the other considered in
Ref. 5 (ionized and neutral impurity scattering). For
those mechanisms a relaxation time can be used and they
are introduced in the elastic term of the scattering rates.
In this way, we have fitted the experimental results in a
nonintentionally doped sample, characterized by high
mobility values and low-impurity concentration. Then
the Atting procedure only involves the coupling constant
of electrons to the 14.3-meV 3

&
homopolar phonon g as

the main adjustable parameter, yielding a value of
g =0.028. Therefore LO polar scattering results in a
reduction of g by a factor of 2 with respect to the lowest
value in Table I. That value is higher than the estimation
of Howell et al. We believe that their estimation is not
well founded as their results refer to 2D electrons at 1.5
K in an accumulation layer and they use equations for
3D electrons in their discussion. We will see later that

I I I I I I

10—

10

50 100 200
T (K)

500

the effective coupling constant of 2D electrons depends
on the electron areal concentration and can be higher or
lower than the 3D one.

Once the coupling constant has been obtained from the
fitting with undoped samples, the mobility in high-
impurity concentration samples can be explained, as
shown in Fig. 5 (curve 6). We can consider the results for
high-mobility samples in Ref. 5 and results for high-tin-
concentration samples reported here as representative of
the transport properties of 3D electrons in InSe, as they
can be interpreted through the 3D model.

B. Failure of the 3D model

FIG. 5. Electron Hall mobility vs absolute temperature of
three samples from the 0.01% Sn-doped ingot (R), 3% doped
ingot (E), and high-mobility ingot from Ref. 5 ( ). Curve 5 is

the calculated mobility that Ats the highest mobility sample.
The dotted lines represent the diferent contributions to that
curve: (1) homopolar and (2) polar optical-phonon scattering,
(3) neutral and (4) ionized impurity scattering. Curve 6 is the
calculated mobility curve fitting the 3%%uo Sn sample.

~y~ g ~
o

Q
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g ~
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100

T (K)

300

FIG. 4. Electron Hall mobility vs absolute temperature of a
sample from the 0.01%%uo Sn-doped ingot before (~ ) and after an-

nealing (~).

The mobility curves of the low-tin-content samples
cannot be explained with the 3D model. The measured
electron concentration in these samples is practically the
same as that of high-mobility samples and the 3D model
would lead to the same mobility (Fig. 5).

Figure 3 show the mobility at room temperature in
samples with different impurity concentration. When the
electron and impurity concentration increase, the effect
of impurity scattering always makes the calculated elec-
tron mobility decrease. The dotted lines in Fig. 3 corre-
spond to the calculated electron mobility at room tem-
perature for different values of the compensation ratio
XD/X~ (see caption of Fig. 3). On the other hand, the
values of the electron mobility in samples with n )4. 10'
cm lie in the range of the calculated ones, if compensa-
tion ratios between 20% and 80% are considered. The
lowest one is obtained from a single-donor —single-
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acceptor fit to the n (T) results. The highest one (80%)
is yielded by a quantum-mechanical interpretation of free

41carrier absorption in these samples.

C. Model with two kinds of electrons

The discussion of Sec. IV A has shown that electrons in
the low-tin-content material have different transport
properties than electrons in high-tin-content samples and
in high-electron-mobility samples (undoped). The lower
mobility cannot be attributed to any kind of impurity
scattering since its temperature dependence clearly re-
veals that a lattice scattering mechanism is dominant
(Fig. 1).

The fact that the increase of electron concentration in
a sample makes electron mobility approach 3D values
suggests that electrons in low-tin-content InSe can have
2D character and lower mobility. This idea is also sup-
ported by photo-HE results: photogenerated electrons are
uniformly created through the sample by band-to-band
transitions and have clearly 3D character. Their higher
mobility would explain the photoenhancement in the
Hall mobility.

The existence in InSe of strictly 2D electrons that do
not take part in the charge transport across the layers
and predominate for low-tin-content samples is also
coherent with the observed high-anisotropy ratio of resis-
tivity and its dependence on temperature and tin con-
tent. 4'

All these considerations are brought forward as in-
direct clues suggesting the presence in InSe of two kinds
of electrons. In fact, CR measurements ' have clearly15, 17

shown the coexistence in InSe of 2D and 3D electrons
through the temperature range from 15 to 95 K, the reso-
nance lines become too broad to be observed, but there is
no reason to conclude that one of these types of electrons
disappears.

Let us assume that the material is homogeneous along
the layers and that the only inhomogeneity across the
layer is due to the presence of the planar defects where
2D electrons are localized. Then the electron concentra-
tion can be expressed as

p2 are the mobilities of each type of electrons.
Equation (4) gives a qualitative interpretation of the ex-

perimental results provided one assumes p3=2p2. In
low-tin-content samples 2D electrons are dominant and
pH =p2. When the tin content increases n 3 also in-
creases, and then pH varies from p2 to p3. For high-tin-
content samples n3 )&n2 and pH =p3 and the 3D model
described in Sec. IV A can be used. A quantitative inter-
pretation of the results requires a model of the planar de-
fect and the related 2D subbands, which will allow us to
calculate the 2D electron mobility.

D. Models for the 2D subbands in InSe

(a) 5-DOPING MODEL (b) BAND-GAP DISCONTINUITY
MODEL

f-InSe X-InSe

Ec

+ Eo

Ec

EO, EF
Ec

EF

n(z)'

(c)SIZE-QUAN TIZATION MODEL

o s
g- InSe:. 8-InSe:- $-InSe

Since it was proposed by Portal and co-workers, 15, 19

the 2D subbands in InSe have been considered as mainly
arising from the binding of electrons to planar sheets of
ionized shallow donors adsorbed to stacking faults.
These authors have also suggested that the stacking fault
could correspond to the boundary between two different
polytypes of InSe, resulting in a band-gap discontinuity.
The physical consequences of each of these models have
not been discussed so far and in fact, only a band scheme
of the first one has appeared in the literature' and is
reproduced in Fig. 6(a). Recently, Howell et al. have
proposed that the 2D subbands in InSe are analogous to
the 6-doped structures. " The 6-doping model does
not work in InSe for several reasons.

where x is the coordinate perpendicular to the layers, n3
is the concentration of 3D electrons, and n,' is the density
of 2D electron per unit area in the planar defect, located
at x;. In a HE experiment with current Aowing parallel
to the layers, both kinds of electrons take part in the
charge transport. The Hall coefficient, conductivity, and
Hall mobility can be easily deduced from Eq. (1):.43

2 2
1 292+ 3P3RH 2282+ 383)

CJ —g ( n2pp+ tl 3@3)

E,
ED

4

+++4+++
I

IV,

Eo

E
/

/

-E,

-Ec

EF ED

2 2n A@2+n 3P3

n, p, +n,i, ' (4)

where n2 =g; n,'Id, d is the sample thickness, and p3 and

FIG. 6. Band schemes for the 2D subbands in InSe: (a) 6-
doping model, (b) band-gap discontinuity model, and (c) size-
quantization model. In (a) and (b) the electron density in the
lowest subband is also shown. In the model of (c) the electron
density would be the same as (b).
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(i) 5-doping subbands are in fact 2D bands of impuri-
ties. This involves the existence of a critical impurity
concentration below which extended states cannot exist,
and a metal-insulator transition occurs. This is observed
in silicon 6-doped GaAs for silicon areal concentration
below 2 X 10" cm, which corresponds to
0.2(a o ), where a o is the effective Bohr radius of the
hydrogenic impurity. Using the same criterion in InSe,
where ao =38 A, ' the impurity and electron concentra-
tion in a 2D subband of that nature must be higher than
1.4 X 10' cm . The electron concentration at 4 K
ranges from 10' cm in the samples' growth by the
traveling-heat method (THM) to 5 X 10' cm in
Bridgmann samples. This leads to a mean distance be-
tween planar defects along the c axis ranging from 30 pm
to 2 mm.

A large series of samples with thicknesses ranging from
5 to 50 pm was measured in Ref. 5 and the degenerate be-
havior below 20 K was always observed. Then the mean
distance between planar defects responsible for the 2D
subbands must be much lower than 30 pm. A mean dis-
tance of 2 —5 pm seems to be more reasonable, which
would correspond to electron areal concentrations always
lower than 3 X 10" cm . This value is in agreement
with the values reported by Howell et al. , Belen'kii
et al. , and Brandt et al. ' (approximately equal to 10"
cm ). The critical concentration would be one order of
magnitude higher and that clearly contradicts the 6-
doping model.

(ii) The electron wave function in the lowest subband of
a 5-doped structure has its maximum at the impurity
plane, ' ' as shown in Fig. 6(a). Electrons move very
close to ionized impurities and have very low mobility.
This is the case for silicon 5-doped GaAs structures, in
which electron rnobilities at 4 K are of the order of 1200
cm /V s for an impurity concentration of 7. 5 X 10"
cm . Electron mobilities in InSe are always lower
than in GaAs, with similar impurity concentrations, by a
factor of 6—7 (due to higher electron effective mass and
lower dielectric constant in InSe). One should expect an
electron mobility lower than 200 cm /Vs but values as
high as 1.5X 10 cm /V s have been measured at 4.2 K.
Only 2D electrons are present in InSe (Refs. 5, 15, and
16) at this temperature, and consequently, 2D electrons
must be spatially separated from ionized impurities.

(iii) Kress-Rogers et al. ' have determined a maximum
of 10' cm ionized impurities in InSe subbands from an
analysis of the magnetic-field dependence of the cyclotron
resonance linewidth (CRLW), which is one order of mag-
nitude lower than the electron concentration. In a 6-
doping model ionized impurity and electron concentra-
tions must be identical. Moreover, the CRLW turns out
to be controlled by neutral impurity scattering. This
means that most impurities adsorbed to the defect plane
are neutral, and then the related energy levels must be
deeper than the 2D subbands.

(iv) In regard to the potential seen by 3D electrons
along the c axis, the activated temperature dependence of
the resistivity anisotropy suggests the presence of poten-
tial barriers. Instead of it, the 6-doping model only pre-
dicts accumulation layers and then 3D electrons only see

potential wells when moving along the c axis.
It seems reasonable to conclude that a 5-doping model

is unable to explain the properties of 2D electrons in
InSe. If a new model is proposed, it must necessarily in-
clude a spatial separation between ionized impurities and
2D electrons. In this direction, a model based in the
band-gap discontinuity between the e and y polytypes of
InSe could overcome the last objections. The presence of
small regions of the e polytype in Bridgmann samples has
been proved by electron diffraction and Raman scatter-
ing. ' Figure 6(b) shows the band scheme of this mod-
el. The band gap of the e polytype has been assumed to
be above the conduction band in the y polytype.
Shoubnikov —de Haas (SdH) measurements' indicate that
the bottom of the 2D subbands is about 10 meV below
the Fermi level and about 30 meV below the conduction
band. A band-gap discontinuity larger than 40 meV
would be needed in order to obtain such a subband
configuration. In the case of GaSe, where P, e, 5, and y
polytypes have been studied, the higher difference (about
25 meV) occurs between the P polytypes and the other
ones. Between e and y polytypes the difference is not
larger than 5 meV. The similarity of both types of stack-
ing excludes larger differences and band-structure calcu-
lations are coherent with that result. In InSe, the
differences between the e and y polytypes are not expect-
ed to be larger than in GaSe. On the other hand,
Guatenko et al. have reported photoluminescence ex-
periments in y-e samples and they attribute the higher
energy peaks to free excitons in e and y polytypes, the
former being 2 —3 meV higher than the latter. We can
conclude that such little band-gap discontinuities cannot
be the origin of the 2D subbands in InSe.

Stacking faults, whose presence and efFects on trans-
port and optical properties have been widely investigat-
ed, ' ' provide a basis for another model. It has been
proved that stacking faults can create barriers of some
tens of meV. Stacking faults are associated with the
change of the stacking sequence, and then can corre-
spond to the interface between the polytypes y and e in
our samples. Then thin regions of the e polytype would
be limited by stacking faults barriers. In those regions all
the electron levels would be raised by quantum
confinement effects. Figure 6(c) shows a band scheme for
that model. For a 2D subband to be created, the shallow
donor levels in the thin e region must be raised by at least
20 meV, becoming higher than the conduction band in
the y region. Electrons from those donors would be
transferred to the conduction band of the adjacent y re-
gion leaving an uncompensated positive charge, which
gives rise to an attractive electric field at the interface.
This electric field and the presence of the stacking faults
barriers create a 2D subband with a spatial separation be-
tween donors and electrons. This model turns out to be
very similar to some structures in which a 6-doped GaAs
layer is separated from the bulk material by two thin
Ga Al& „Aslayers, keeping electrons apart from impuri-
ties and avoiding the low electron mobility of normal 6-
doping subbands. "

In the simplest square-well approximation the
conduction-band states become a series of 2D subbands
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given by

2 2 2

E„(k,)= +
2m L 2m * (5)

Eo is the bottom of the lowest subband, ED is the ioniza-
tion energy of shallow donors in the y region, at whose
energy the Fermi level is assumed to be locked at low
temperature, and EB /q is the built-in potential created by
the space-charge in the e region.

Regardless of the origin of the discontinuity (e-y'
band-gap oft'set or size-quantization eAects), both models
are quite similar, and the 2D subband wave function will
be in both cases determined by the electric field in the in-
terface and the presence of the potential barrier. Then
the localization of electrons in the lowest subband is de-
scribed by the usual variational function '

1/2
O

—&p2/2

2
ze (7)yo(z) =

If the compensation in the y region is very weak, the
variational Hartree calculation in which the total energy
is minimized leads to '

5 Ab
E =—

m*

33q m ns

8

1/3

The use of a variational wave function is a rough ap-
proximation. The potential barriers at the stacking faults
are thin and not very high and a more realistic model
should allow for a penetration of the electron wave func-
tion in the e layer. That would modify the potential ener-
gy and then Eo and the relationship between Eo, bo, and
ns. From the point of view of transport properties, when
dealing with impurity scattering, Eq. (7) will be very
inadequate as it will underestimate the effect of such

where m
~~

=0.08mo and m~ =0. 14m„(Ref. 15) are the
electron effective masses in InSe parallel and perpendicu-
lar to the c axis (z axis), respectively, and L is the width
of the e region between two stacking fault barriers. The
bottom of the first subband is then at an energy
VO=A ~ /2m~~ L, higher than the conduction band. If
we neglect the normal band-gap discontinuity between
the e and y polytype, we can identify Vo with the band-

gap offset, which results higher than 40 meV if L is about
10 nm. If we assume that shallow levels in the e region
also raise the same quantity Vo, all electrons from donors
in the e layer will go to the y region and the e layer be-
comes fully depleted. If we call XD the shallow donor
concentration in that layer, and assume a homogeneous
distribution, the 2D electron concentration at both sides
of the e region would be ns =NDL/2.

If only the lowest subband is occupied, the condition to
have a fully depleted e layer follows straightforwardly
from the band scheme of Fig. 6(c):

Vo )Eo+(EF—Eo)+ED +E~ .

and the built-in potential is given by the usual expression

qns
B

2e((XD

qnsL
(10)

Then Eq. (6) can be rewritten as

33q m
~~

ns5)—
2m*L2 8 m*

II

q2nsL
+ +E

2/3

ns
)jc

This equation yields the maximum value of L compatible
with a full depletion of the e region, and consequently 1VD

and Vo, for a given ns. The calculated Vo for different
values of ns are shown in Table V. From these results,
we can conclude that an electron concentrated of the or-
der of 10' cm leads to unrealistically high values of Vo
and XD.

Kress-Rogers et al. ' have reported SdH results in
which several series of oscillations are observed in each
sample. That was interpreted by assuming the occupa-
tion of several electric subbands in an accumulation lay-
er, and 2D electron concentrations as high as 10' cm
were deduced. On the other hand, one can assume that
several accumulation layers contribute to SdH spectrum
in each sample and that only the lowest subband is occu-
pied in each one. Then the highest fundamental field (21
T), with the Landau levels largely spin split as the au-
thors discuss, leads to a maximum electron density of
5X10"cm

It is obvious that if all 2D electrons were supplied by
shallow donors in the e layers, its concentration would
not increase when the temperature is raised. At high
temperatures some 2D electrons would be excited to the
3D conduction band, leaving an uncompensated charge
in the planar defect. That would be screened by 3D elec-
trons and a classical accumulation layer with an exten-
sion of the order of the Debye length would appear as a
transition region between the 2D subbands and the neu-
tral bulk region.

Nevertheless, the value of pH in low-tin-content sam-
ples at room temperature (p~ (0.5IM3 in several samples)
indicates, through Eq. (4), that the 2D electron concen-
tration n 2 can be even an order of magnitude higher than
n3. The annealing of those samples at 300 C results in an
increase of pH by a factor of 20 or more. Infrared ab-
sorption measurements clearly show a proportional in-
crease in the intensity of the 1s-2p+ electronic transi-
tion, revealing that the annealing process really creates

scattering mechanism. If we limit ourselves to the prob-
lem of phonon scattering, Eq. (7) can give a first approxi-
mation that should not be dramatically modified when an
exponential tail penetrating in the e region is introduced
in the wave function.

The EF—Eo energy is obtained from the density of
states in the 2D gas:

A~
EF—Eo = ns

m
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TABLE V. Parameters of 2Q subbands in InSe in the size-quantization model: (1) areal electron
concentration (2) localization parameter of the variational wave function, (3) Fermi level with respect to
the bottom of the lowest subband, (4) energy of the lowest subband measured from the bottom of the
well, (5} built-in potential, (6) shift of the energy levels in the thin e layer due to size quantization, (7)
maximum thickness of the fully depleted thin e layer, (8) impurity concentration in the e layer.

ng
(cm ')

10"
3 X10"

1011

3 X10"
1012

2
bo

(10 cm ')

0.987
1.424
2.126
3.067
4.581

3
E„—Eo
(meV)

0.17
0.51
1.71
5.13

17.09

(meV)

5.8
12.1

26.9
56.0

124.9

5
E

(meV)

0.76
1.98
5.25

11.92
27.72

6
Vo

(meV)

25.2
33.1

52.4
91.5

188.2

7
L

(nm)

13.65
11.92
9.47
7.16
5.00

8

ND
(cm '}

1.5 X 10'
5.0X 10'
2.1X10"
8.4X10"
4.0X 10"

new shallow donors. After annealing, pH slowly relaxes
to the previous value, then there must be a mechanism
through which shallow donor become deep and vice ver-
sa. That behavior can be understood if we assume that
native shallow donors are interstitial atoms in the perfect
y region, which tends to be segregated to the stacking
faults where the disorder and the electric field make the-
related levels to become deep. That occurs during the re-
laxation process after annealing. Then the complete elec-
tronic structure of 2D defects in InSe must include a high
concentration of bound states located in energy below the
bottom of 2D subbands [Fig. 6(c)]. In the temperature
range from 100 to 500 K electrons can be excited from
these deep donors to the 2D subbands. The leaving inter-
stitial charges increase the field at the interface, lowering
the bottom of the 2D subbands. At temperatures of the
order of 600 K, when most deep donors are ionized, the
electric repulsion makes them diffuse and to be redistri-
buted more homogeneously in the perfect y region where
they become shallow.

In the model of Fig. 6(c), the bottom of the first sub-
band is given by Eq. (8), with one difference: 2D elec-
trons must compensate the ionized shallow donors in the
e region and the ionized deep donors in the stacking
fault. We can write the following neutrality equation:

ns =nso+
E —E

1+2 exp kT
AET

exp kT

(13)

At finite temperature the Fermi level is given by

~A n,
EF—Eo =kT ln exp

m~kT
(14)

In regards to the value of NT, it can be estimated if one
assumes that most In atoms in the stacking faults diffuse
to the bulk y InSe after annealing. Then NT/nso is given
by the ratio between the room-temperature electron con-
centration after annealing and the low-temperature elec-
tron concentration before annealing, which yields
NT /nsp 20—100. Figure 7 shows the temperature
dependence of n, for n,o= 10" cm, NT = 10' cm
and for different values of AET. The room-temperature
concentration turns out to be of the order of 10' cm

, L
ns =ND +NT =nsp+NT (12)

nsp is the areal density of 2D electrons in a 2D subband
and NT+ is the areal density of ionized deep donors in the
stacking fault. This equation can be used to calculate the
2D electron concentration at each temperature. The re-
sults depend on how the deep level energy moves as the
potential well increases. It seems reasonable to assume
that it moves with the bottom of the lowest subband. Ac-
cording to the calculation of Martin and Wallis for
bound states created by a charge at the interface of a
Si/SiOz inversion layer, the binding energy increases with
the electric field at the interface. In our case the electric
field will change by an order of magnitude. Nevertheless,
we will assume, for simpliCity, , the binding energy AET to
be constant. Then we have

10
0 10 20

1000/ T (K ')
30

FIG. 7. Areal electron concentration vs the inverse tempera-
ture in a 2D subband for diA'erent values of the ionization ener-
gy of the deep donors adsorbed to the stacking fault.
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for a large range of AET. For a mean distance between
planar defects around 5 pm, it corresponds to an effective
concentration of 10' cm . This is compatible with the
experimental values of low-tin-content samples in which
2D electrons dominate. On the other hand, in the tem-
perature range from 100 to 300 K the experimental elec-
tron concentration changes very slowly. In that sense,
the lowest values of AET (10—20 meV) seems to be more
plausible.

time will be

=2&

g ~ V„„,~
5(E„E—„,+A'co)

ksq

D', A'(X+ —,
' + —,

'
)

2pVco (b2+q2)3

X6(Ek E„+—+-A'co) .
kmqs

E. Homopolar optical-phonon scattering in the 2D subbands

where k~ and rz stand for the wave vector and position
of electrons parallel to the plane defect. The perturbation
Hamiltonian for homopolar optical scattering is'

1/2

V=D0
2p Vco

e'~'(aq+a ) . (16)

Dp is the deformation potential, p is the crystal density, V
is the unit cell volume, cu is the phonon mode frequency,
and q is the phonon wave vector; aq and a

q
stand for

the annihilation and creation operators of phonon modes.
The matrix elements of the transitions induced by the
homopolar scattering are

The change of electron-scattering probabilities in a 2D
system with respect to the 3D case has been widely dis-
cussed by several authors, especially for the 2D gas in
A1GaAs/GaAs heterojunction. In that which con-
cerns phonon scattering, we should point out that a
difference exists between polar (long-range interaction)
and homopolar (short-range deformation-potential in-
teraction) scattering. The 2D scattering probability of
the second one, as we will see later, like all the
deformation-potential mechanisms, is proportional to the
localization parameter of the variational wave func-
tion, ' which strongly lowers the 2D mobility with
respect to the 3D value. This is not the case of polar
scattering, for which 2D electron mobilities remain as
high as in the 3D systems. That is the reason why very
high mobilities can be attained in modulation doped
G-aAs heterostructures. Then we assume that in the InSe
2D accumulation layer the LO polar phonon limited elec-
tron mobility remains near the 3D value.

In order to obtain a first approximation to the electron
2D mobility limited by homopolar phonons we will as-
sume that only the lowest subband is occupied and that
only intrasubband scattering is present. The wave func-
tion of electron in the ground state is

j. /2

(15)
b

The integral limits in q, can be extended to infinity as
the integrand quickly tends to zero for q, )bp. The in-
tegral on q and q has been calculated by Fivaz and
Mooser. " We refer to Appendix I of Ref. 11 and obtain

1 1 1

2D %2D %2D

0, E &Ace(+) 4' „„c0(X + 1 ), E (A'co

(19)

(phonon emission),

(20)

(czar) '=4~g„,co% (phonon absorption),

2Dom ~

4' Vco A

Ab 0

2m g Ac0
g (21)

in which the subscript "var" means that it has been ob-
tained by using the variational wave function for 2D elec-
trons and g is the 3D electron-phonon coupling constant
defined by Schmid. ' It must be outlined that if inter-
subband scattering is taken into account, Eq. (21) is still
valid, but the effective coupling constant is larger and de-
pends on the localization parameter of the first excited
subb and.

Equation (21) is identical to that obtained by Fivaz and
Mooser, " except in that which concerns the coupling
constant. Nevertheless, it must be emphasized that the
discussion of these authors on the value of the y ex-
ponent as a function of the phonon energy is only valid
for a nondegenerate 2D semiconductor. In our case, on
the one hand, the coupling constant is temperature
dependent, as nz changes with temperature. On the oth-
er hand, the existence of the 2D electric subbands implies
that most 2D states are below the Fermi level and then
the Boltzmann statistics cannot be used. The 2D electron
mobility must be calculated through

where E is the electron kinetic energy for motion along
the defect plane.

Following the above cited authors we can define an
electron-phonon coupling constant

A(X+ —,'+—,
'

) b 06

ksks 0 pv~ (b02+q2)3 s 5 5

(17)

«zD E
0

mz m~ f "E
0

B 0 dE
BE

'f'
dE

BE
where N is the phonon occupation number,
% = [exp(A'co/KT) —1] ', and the + signs correspond to
the emission or absorption of a phonon. The relaxation

(22)

where f0 is the Fermi-Dirac distribution, in which
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EF Ep is calculated through Eq. (9). Figure 8 shows the
temperature dependence of p2 between 30 and 300 K as
calculated through Eqs. (19)—(22) for A'co= 14.3 meV ( A I
is the homopolar phonon) (Refs. 5 and 35) and for several
values of nzo, NT, and AET. That calculation confirms
our hypothesis of Sec. IVC regarding the lower value of
p2 with respect to p3. On the other hand, results of Fig. 8
clearly illustrate the fact that the slope y at 300 K is
strongly dependent on AET.

Results of Fig. 8 also indicate that in the InSe 2D accu-
mulation layers the homopolar phonons determine a
quite low mobility, one order of magnitude lower than
the polar phonon limited one, for areal concentrations of
2D electrons of the order of 10' cm, which would al-
ways be attained at room temperature (Fig. 7). Then, in
this first approach to the problem we can neglect the
effect of polar scattering for 2D electrons. We outline
that it only refers to high-temperature mobility. Of
course, at low temperature (1.5 K), electron mobility is
not at all controlled by any phonon mechanism, but by
ionized impurities in the e layer or neutral impurities at
the interface t'Fig. 6(c)]. The conclusions of Howell
et al. about the scattering mechanisms that determine
the CR linewidth cannot be extended to electron mobili-
ty. In a high-field CR experiment, 2D electrons are in
well-defined Landau levels and are excited by ir photons
with energies near the LO phonon energy. In a low-field
HE experiment 2D electrons remain in thermal equilibri-
um with kinetic energies of the order of 1 —2 meV.

Once p2 is calculated, pH can be obtained through Eq.
(4), in which p3 is assumed to be controlled by polar and

homopolar phonon scattering (Sec. IV A). It is obvious
that the absolute value of pH and the slope y will be
determined by the ratio n2/n3. This model can also ex-
plain the large dispersion of the experimental results
reflected in Table I, even if lattice scattering dominates.

In Fig. 9 we compare the experimental results for three
samples from the 0.01%, 0.03%, and 0.1% doped ingots
with the calculated value of p&. In that calculation we
have taken nzo = 10" cm, NT =2. 5 X 10', and
EET=20 meV. The bulk shallow donor concentration
and the mean distance between planar defects d are ad-
justed so as to fit the room-temperature values of the elec-
tron mobility and electron concentration. They turn out
to be 3.6X10' cm, 2.25 pm; 5.5X10' cm, 2.85 pm;
and 2.25X10' cm, 1 pm for the 0.01%, 0.03%, and
0.1% Sn samples, respectively, which correspond to the
expected increase of the 3D electron concentration with
the tin content. The calculated mobility departs from the
experimental values as temperature decreases due to the
fact that impurity scattering has not been taken into ac-
count. Its influence will be discussed in another paper
dealing with the transport properties of samples here
studied at liquid-helium temperatures. It must be point-
ed out that the calculated pH is not very sensitive to the
values of b,ET and XT (in a reasonable range). Then the
calculation of Fig. 9 should be considered as an example
that illustrates how the model can reproduce the experi-
mental results with reasonable values of the parameters.
A complete quantitative interpretation is not possible
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K 10&
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50 100
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100 200
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FIG. 8. Calculated 2D electron mobility vs absolute tempera-
ture in different conditions. Constant 2D electron concentra-
tion: 10" (curve 1) and 10' cm (curve 2). Variable 2D elec-
tron concentration: neo = 10" cm, NT = 5 X 10' cm
BET= 10 meV (curve 3), and AET =50 meV (curve 4). The inset
shows the variation of 2D coupling constant with 2D electron
concentration.

FIG. 9. Calculated electron Hall mobility vs absolute tem-
perature for different values of the ratio of 3D to 2D electrons.
The fixed parameters are neo = 10" cm ', NT =2. 5 X 10' cm
and the fitting ones are d =1 pm and ND=2. 25X10" crn
(curve 1), 2.85 and 5.5X10' cm (curve 2), 2.25 and 3.6X10'
cm (curve 3), compared to experimental values for three sam-
ples from the 0.01%%uo ( ~ ), 0.03%%uo (D), and 0.1%%uo (~ ) Sn-doped
ingots.
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without knowing the actual values of the parameters
from the other kind of experiments.

V. CONCLUSIONS

HE measurements have been carried out in InSe sam-
ples doped with different amounts of Sn. The room-
temperature electron Hall mobility exhibits an anomalous
increase with electron concentration for low-tin-content
samples. This effect has been shown to occur also when
the electron concentration increases by photogeneration
or thermal annealing. That can be interpreted by assum-
ing that there are 3D and 2D electrons contributing to
charge transport along the layers. The 3D electrons are
created by excitation from shallow donors in the bulk y-
polytype regions of the sample. The 2D electrons are
confined in electric subbands that are proposed to exist
due to size-quantization effects in thin regions of the e po-
lytype located between two stacking faults. In the e re-
gion electron states become higher than the conduction-
band states in the y polytype. Electrons are transferred
to the y region and the resulting electric field, together
with the stacking fault potential barrier, confine them in
2D states. Localized deep levels are also proposed to ex-
ist in the stacking faults due to the adsorbed impurities.
The 2D electron concentration increases with tempera-
ture due to excitation of electrons from those deep levels
to the 2D subbands. More experimental studies on the
shape of the potential along the c axis in InSe are needed
in order to elucidate if this model is correct. High-
resolution electron scanning microscopy and electron
tunneling microscopy on good surfaces parallel to the c
axis would supply very useful information.

It has been shown that the LO polar phonons are
relevant in the scattering of 3D electrons, and the 3D
mobility has been calculated through the iteration
method. The introduction of polar scattering results in a
reduction of the coupling constant of electrons to homo-
polar phonons.

A model for homopolar phonon scattering of 2D elec-
trons has been proposed and the relaxation time was cal-
culated by describing the electron localization along the c
axis with a usual variational wave function. The 2D elec-
tron mobility has been shown to be determined by a cou-
pling constant proportional to the variational localization
parameter and to have a much lower value with respect
to the 3D electron mobility for the same type of scatter-
ing. The temperature dependence of 2D electron mobili-
ty turns out to be strongly affected by the evolution of the
2D electron concentration. The Hall mobility has been
calculated through a two-carrier model, showing that its
absolute value and temperature-dependent slope can
vary, within a quite large range, depending on the ratio
between both types of carriers. This can be considered as
the main conclusion of this work as it provides an ex-
planation to the large dispersion of experimental results
found in the literature. That dispersion turns out to be
possible even when lattice scattering dominates.
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