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The effect of a high-energy (9.2 MéV) electron irradiation with a dose of 10™e cm™

2 on the transport of

charge carriers across the layers and the conductivity anisotropy is investigated in the range 80 to 400 K for
layered n-InSe crystals. It is established that the anisotropy ratio o.ic/ojc, being initially high and slightly
dependent on temperature, abruptly increases after the e-irradiation and varies with temperature according to
an exponential law. The obtained results are explained within a model, which along with 3D electrons predicts
the presence of 2D carriers contributing only to charge transport along the layers. It is shown that the role of the

latter becomes stronger after the e-irradiation.
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1. Introduction

Because of sensitivity to wide spectrum of electromag-
netic radiation, layered III-VI compounds in their bulk
and film forms are promising materials for photoelec-
tronics. Mechanical coupling of their nanodimension-
ally thick samples with other layered materials, especially
high-conductivity transparent graphene [1, 2|, as well as
controlled oxidation [3] gave opportunities to create effec-
tive 2D optoelectronic devices based on quantum confine-
ment effects [4]. For such applications n-InSe seems to be
the most promising because it stands out, as compared to
other layered 2D chalcogenides, for the highest mobility
of charge carriers along the layers, i.e., ~ 103 cm?/(V s)
at room temperature (RT). Its resistance to various types
of radiation exposure, higher in comparison to conven-
tional semiconductors, extends area of applications.

Layered crystalline structure of materials causes some
peculiarities, in particular the existence of planar defects
between separate layers. As an example one can consider
defects of the form of ZnyInsSy layers guested in the lay-
ered Znln,S, crystals. These defects determine high val-
ues of the conductivity anisotropy o1c/ojjc = 103 = 10*
(the ratio of the conductivity along the layers o,¢ to
that across to them oyc), which was thought to be due
to tunneling through thin and high barriers [5, 6].

In layered III-VI crystals the closed chemical bonds
within a separate layer (four monoatomic planes in the
sequence Se-In-In-Se in the case of InSe) and a wide
enough spacing (/= 3.2 A) between the layers, coupled
together by weak van der Waals (vdW) forces, promote
planar defects of another type. In real InSe crystals are
stacking faults between different polytypes — the pre-
vailing v- and minor e-modifications.

*corresponding author; e-mail: petersa@i.ua

Depending on crystals’ perfection, the values of con-
ductivity anisotropy can vary from several units for the
most perfect samples, when the anisotropy ratio is nearly
independent of temperature, to values of 10* +10° obey-
ing the relation o,¢/o|c ~ exp(AEy/ksT) at low tem-
peratures T. Here AFE, is the energy barrier related
to interlayer disordering and kg is the Boltzmann con-
stant. Staying within the concept of exclusively free
electron conductivity in n-InSe crystals, high values of
anisotropy ratio were explained in the literature assum-
ing that the three-dimensional (3D) electrons exist in
the conduction band and two-dimensional (2D) carri-
ers contribute only to conductivity along the layers. At
first, electrical characteristics were explained assuming
the existence of 2D electric sub-bands situated in the
range of interlayer planar aggregates of donor impuri-
ties [7-10]. Later, many experimental data have been an-
alyzed within a model predicting the existence of 2D sub-
bands located in the vicinity of the stacking faults sepa-
rating thin (= 100 A) ranges of e-InSe from the dominant
~v-polytype [11-14]. As for the conductivity anisotropy
data in n-InSe [8, 13-16], because of many unknown pa-
rameters their analysis was complicated, only the energy
barrier AE, was estimated and there are no data about
the densities of 3D and 2D electrons and effects on them
of high-energy irradiations.

However, the above mentioned experimental data do
not contain direct indications on the existence of two
types of carriers in n-InSe (extrema in temperature de-
pendences of the Hall coefficient Ry and the Hall mobility
along the layers u)c). We observed such peculiarities
first in electrical properties of n-InSe after high-energy
electron irradiation (9.2 MeV) of pristine samples with
a concentration of charge carriers n =~ 1.5 x 10 cm™3
at 80 K [17]. It enabled to carry out rigorous numerical
modeling within a 3D-2D approach.

Here, we first represent investigations of the influence
of the same electron irradiation fluence (10%e cm=—2)
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on conductivity across the layers oc and anisotropy
o1c/ojc for n-InSe samples from the same intention-
ally undoped ingot as in [17]. The obtained results are
analyzed within a model containing two types of carriers
and the contributions of tunnel and activation mecha-
nisms to charge transport across the layers are estimated
and the energy barrier and the densities of 3D and 2D
electrons are determined as well. To our knowledge, it is
the first numerical analysis for the o conductivity in
n-InSe crystals based on this model.

2. Experimental

Samples for investigations were prepared from a sin-
gle crystal ingot of undoped n-InSe grown by the Bridg-
man method from a non-stoichiometric melt Inj g3Seq.97.
Before our experiments the ingot was kept at RT for
10 years. The irradiation of the samples with acceler-
ated electrons (F = 9.2 MeV) has been carried out at
room temperature by means of an electron accelerator,
KUT-10. The beam of electrons at the tantalum foil was
developed in a way to have the area with uniformly dis-
tributed density of electrons equal to 400 x 50 mm?. The
samples under investigations were irradiated with a dose
of 30 kGy. Taking into account that the degree of decel-
eration of penetrating electrons is about 10 MeV cm™!,
energy losses for our samples did not exceed 10%. There-
fore, one can suppose that the generation of radiation
damage occurs nearly uniformly on the whole bulk of the
samples.

Mechanical properties of layered InSe crystals do not
allow to cut samples with dominant dimension along
the C' axis. That is why for measurements of the o con-
ductivity we used a four-contact method with the indium
contacts located on the opposite cleaved surfaces (inset
in Fig. 1). In our experiments the spacing between the
current and probe voltages on each cleaved surface did
not exceed 0.3 mm. The current contacts covered al-
most the whole surface on each side (~80%) and a probe
voltage was measured between a pair of close to them
small area contacts. Samples’ dimensions were typically
5 x 3 mm? (cleaved surface) and 0.6 mm thick. This
method was proposed in [18] where it was shown that
because of the high anisotropy of the material, voltage
between the small probe contacts was very close to the
potential difference between the current ones. Later this
technique was used for measurements of “vertical” con-
ductivity in n-InSe [8, 13-15].

We carried out our measurements in the range 80 K
to 300 K (pristine samples) and to 400 K (after irradi-
ation). The restriction in T' to 300 K for the pristine
samples was used to avoid possible dissociation of inter-
layer impurity aggregates.

Temperature dependences of the conductivity along
the layers 0 ¢ and the Hall coefficient Ry were measured,
as well. These d.c. measurements were carried out with
a constant magnetic field of 0.75 T along the C axis for
samples in the form of a rectangular parallelepiped with

L.V. Mintyanskii, P.1. Savitskii, Z.D. Kovalyuk

©0—0-0 @—(AID 3
L @—O’o"o’ 1 ]
p 000G B
10 E F80-00-0 00 0— 00— 0-0— 070D
o 3 o 3E
c jag SV "
5 1E —k—sgr
= 1
< |
S . =
0] -
SR I
)
2 RN OB S =t
o 3 g : _ i ;
o ‘g& gy
-6 7
10 E 7;.'*._
; Ly
Ha 5E
Ap
Loy, -
) b
N A
o 7E| "o
10 kil kbl Akl b Ak bl .-.“-

1000/T (K)

Fig. 1. Temperature dependences of the conductivity
along (1, 1E, 3, and 3E) and across the layers (5, 5E, 7,
and 7E) for initial (1, 3, 5, and 7) and e-irradiated (1E,
3E, 5E, and 7E) samples of n-InSe. Inset — scheme of
0||c measurements.

typical dimensions 10x2.5x0.8 mm?®. High-purity In con-
tacts to them were soldered in the conventional six-probe
configuration. To delete possible effect of residual pho-
toconductivity, the samples were kept in dark for 3 days
before measurements.

Samples 3, 5, and 7 were prepared from the same disk-
like part of a single crystal n-InSe ingot. After measure-
ments of the temperature dependences of electrical char-
acteristics (oLc(T) and Ry(T) for sample 3 and o) (T)
for samples 5 and 7) they were simultaneously irradiated
and then measured again. From the ratio of the conduc-
tivity components o ¢ and o) for two pairs of samples
(3 and 5) as well (3 and 7) the conductivity anisotropy
was determined before and after irradiation. Regarding
sample 1, for which electrical parameters along the lay-
ered were measured, it was prepared from another n-InSe
ingot and irradiated separately. Note that all the mea-
surements of the electrical characteristics before and after
electron irradiation were carried out for the same samples
keeping the same contacts.

3. Results and discussion

Temperature dependences of the conductivities along
and across the layers as well as those for their anisotropy
o1c/o)c for the initial and irradiated InSe samples are
shown in Figs. 1 and 2, respectively, and numerical values
of the parameters are listed in Table I. Both before and



Two-Dimensionalization of Electron Gas in n-InSe Crystals Induced by Electron Irradiation

6

10 2500 RASEA PRSRARRARADARAR IEREA A1
£
oo 1
W /E| |
.-*g 10° : s 5E :
= ]
© ]
2 ]
= -
S 7457 |
S .
= 4 .
S 10 = 3
- &@A:
L
—A 5| ]
10°
A
A
3
PETT S EPAPEPEr S ETEPET AT AT S AT AT SPEr ST A
0 2 4 6 8 10 12
1000/T (K™")
Fig. 2. Temperature dependences of the conductivity
anisotropy for initial (5 and 7) and e-irradiated (5E
and 7TE) samples of n-InSe. Symbols — experimental
data. Lines — calculated dependences for the activa-

tion (solid) and tunnel (dash) models.

after the irradiation, the transverse conductivity is much
lower than the longitudinal one for both the samples.
Note that for pristine samples 5 and 7 at T" < 300 K there
is only an insignificant increase of o with temperature.
As a result, at low temperatures we have an evident con-
ductivity anisotropy, which at 80 K achieves and even ex-
ceeds a value of 10%. It slightly decreases with increasing
temperature to 300 K — less than by an order of magni-
tude. The electron irradiation leads to both a significant
decrease of the conductivity ojc (more than by a fac-
tor of 10%) and its activation increase with temperature.
After the e-influence the ratio 0 c/o|c considerably in-
creases at 80 K (to 2.5 x 10% and 7.0 x 10° for samples 5E
and TE, respectively) and exponentially decreases with
increasing T'. The found increase of o ¢/0c is prefer-
ably due to the decrease of ojc. Note that such high
values of the anisotropy ratio in undoped n-InSe have
not been observed earlier.

Figure 3 shows temperature dependences of the Hall
coefficient Ry and the Hall mobility along the layers p) ¢
for pristine and irradiated sample 1. They reproduce the
data very well for sample 3 in [17] and are presented
here mainly as an evident reason for the application of a
2D-3D model below. In the range 7" < 250 K the vari-
ation of the Hall coefficient with temperature is caused
by a shallow donor level (18.5 meV) [13] typical for un-
doped n-InSe. In this range the decrease of uj ¢ with
increasing T is caused by the dominant interaction of
free electrons with homopolar optical phonons polarized
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along the C axis [19]. Such dependences of Ry and p ) ¢
result in a “metallic” behavior of the o) ¢(7T) conduc-
tivity. At T > 300 K the concentration of electrons
abruptly increases due to their activation from a deep
donor (0.49 eV) [17]. As for irradiated sample 1E, the
existence of the maximum in the Ry (7T) dependence and
a non-monotonous variation of ¢ with 7" are its dis-
tinguished peculiarities. Above 160 K the Hall coefficient
starts to increase and takes its maximum at =~ 240 K. The
low-temperature mobility u) c(T) essentially decreases
after the irradiation and varies with temperature accord-
ing to the law p,c ~ +/1/T. Further, the mobility
abruptly increases with increasing 7" and achieves the
level of the initial sample.

Although many properties of indium selenide crystals
are highly anisotropic, the energy bands forming the
fundamental absorption edge are created with signifi-
cant contribution of p.-orbitals of Se and have three-
dimensional character [20]. Taking into account that
for n-InSe the effective mass component along the lay-
ers is higher than that across to them (m?, = 0.31myg
and mjo = 0.08my [21]), in the ideal case of the same
scattering mechanism one can expect a low temperature-
independent conductivity anisotropy. Just such a situa-
tion was observed for p-GaSe, a close III-VI group ana-
logue to InSe, where the ratio o c/o)c is = 3.5 at RT
that nearly equals to the anisotropy of the corresponding
effective masses [22|. But for indium selenide high values
of this parameter (102+10*) are too far from the effective
mass anisotropy. It means that such anisotropy should
be considered as defect-induced but not intrinsic.

For impurities in layered InSe crystals their localization
in the vdW spaces is energetically more favorable than to
be in the ion-covalent layers. That is why dopants, native
and residual impurities, first of all interstitial atoms, be-
ing affected by high temperature or other factors, can mi-
grate into the interlayer spaces leading to self-purification
of the layers. Note that in InSe a majority of impurities
including those, which being substitution defects in the
layer act as acceptors, between the layers create donor
centers [10]. Existing interlayer planar aggregates of
donor impurities bend the energy band edges forming po-
tential wells and, therefore, the ranges of two-dimensional
electron gas. As a result, the conductivity anisotropy
in n-InSe increases and appears to be maximum among
other layered ITI-VI crystals. Such thermally stimulated
changes in the state of impurities we found earlier for InSe
(0.1%Te) crystals annealed in vacuum at 550 °C or only
heated to 400 K during measurements. The observed in-
crease of free electron density due to the generation of
native In; donors was related to dissociation of interlayer
In inclusions [15]. Another result of such influence is a
low value of o, ¢/ nearly independent of T'. But this
state is not equilibrium as after returning to RT the op-
posite process of impurities’ aggregation at the stacking
faults takes place. It causes a gradual decrease of n and
the formation of the energy barrier, which increases with
relaxation time and enhances the anisotropy ratio.
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Electrical parameters of n-InSe crystals before and after electron irradiation. TABLE I
Sample T[K] o1c[(Q em)™ nlem™3) piclem?/(V s)] oc[(€2 cm) ™ oic/ojc
) 80 1.67 x 1072 1.60 x 10*® 6.51 x 103 - -
300 7.18 x 1073 6.54 x 103 6.85 x 10? - -
B 80 1.65 x 1073 2.55 x 103 4.04 x 10° - -
300 6.80 x 1073 5.67 x 103 7.48 x 102 - -
g0 80 4.75 x 1072 7.72 x 10" 3.84 x 10° — -
300 1.69 x 1072 1.49 x 10** 7.11 x 10? - -
R 80 9.49 x 107* 1.78 x 10** 3.32 x 107 - -
3E —2 14 2
300 1.21 x 10 1.56 x 10 4.84 x 10 - -
5 80 - - - 6.71 x 107° 7.08 x 10°
300 - - - 1.07 x 107° 1.59 x 103
80 - - - 3.79 x 1078 2.50 x 10°
5E 6 3
300 - - - 6.01 x 10 2.01 x 10
. 80 - — — 2.16 x 10~° 2.20 x 10*
300 - - - 7.38 x 107 2.29 x 10®
80 - - - 1.35 x 1078 7.01 x 10°
E —6 3
300 - - - 3.81 x 10 3.17 x 10

“The data for samples 3 and 3E are taken from [17]
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Fig. 3. (a) Typical temperature dependences of the

Hall coefficient, and (b) the Hall mobility along the
layers for initial sample 1 and e-irradiated sample 1E
of n-InSe.

Usually, high-quality InSe crystals grow from a non-
stoichiometric melt (38 + 48.3% Se). During the growth
over-stoichiometric In is rejected to the end of the in-
gots. However, some amount of the metal remains in
the crystals in the form of interstitial atoms that act as
shallow donors (Eq = 18.5 meV) and determine their
n-type conductivity [23]. For instance, the peaks re-
lated to In; atoms were found in the far infrared ab-
sorption spectra [13, 24], and the spectra of X-ray pho-
toelectron spectroscopy detected the existence of over-
stoichiometric In even in thin exfoliated layers of un-
doped n-InSe [4]. Therefore, at present it is generally
accepted that in undoped InSe crystals just In atoms,
accumulated in the vdW gaps, especially at the stack-
ing faults, are mainly responsible for planar aggregates

of donor impurities that have decisive influence on con-
ductivity anisotropy. Investigations of InSe(Ge) crystals
give another piece of evidence of it. For them the optical
transitions related to In; interstitials were not found [24],
and electrical characteristics in the range T < 300 K
are caused not by native In interstitials but by a deeper
Ge-related donor. Moreover, on the contrary to a dom-
inant majority of intentionally undoped and doped InSe
crystals, we found that annealing in vacuum of Ge-doped
samples at temperature as high as 590 °C does not cause
the generation the native In; donors but leads to stabi-
lization of electrical characteristics [25]. As the observed
anisotropy ratio in the Ge-doped samples was low and
nearly independent of temperature, it was supposed that
planar interlayer aggregates of In atoms were absent in
these crystals.

Interacting with the InSe lattice high-energy electrons
knock out atoms from the sites and create many point de-
fects of donor or acceptor type, e.g., In and Se interstitials
and their vacancies. Our previous analysis showed [17]
that after e-irradiation with a dose of 10'%e cm™2 the
concentrations of donors and acceptors were high and
nearly the same, Ny ~ N, = (6.9 + 12) x 10'® cm=3.
The irradiation also promotes a redistribution of the de-
fects. Therefore their appearance in the layers is followed
by segregation into interlayer vdW spaces and accumu-
lation at the stacking faults forming planar aggregates of
impurities.

Evidently real InSe crystals contain planar interlayer
defects forming potential barriers for transport of charge
carriers along the crystallographic C' axis. Depending
on their width and energy height they determine dif-
ferent mechanisms for charge transfer. To contribute
to the conductivity across the layers, carriers should
be thermally activated, or tunnel through such barriers.
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A distinguished difference between those mechanisms is
behaviour of o (T") conductivity, which is exponentially
dependent or nearly independent of temperature.

Let us suppose that the conductivity across the layers
takes place due to thermal activation of free carriers over
the energy barrier AE, induced by planar defects. Then
in the one-dimensional model for a layered crystal the
conductivity ojc can be written as [26]:

g|c = enyc exp (7AEb/kBT) . (1)
while the conductivity anisotropy can be expressed as
oic/ojc = Aexp(AEy/kgT). (2)

At the same scattering in n-InSe crystal the pre-
exponential factor A = pic/pjc = mﬁc/m’ic = 0.615.

The barrier’s value determined for pristine samples 5
and 7 is low and equals to 15.7 and 24 meV, respec-
tively (Table II). It is typical that the values of the pre-
exponential factor (746 and 700) are much higher than
the effective mass ratio. As it was established [12-14],
high conductivity anisotropy in n-InSe was related to the
presence of significant concentration of two-dimensional
electrons that do not contribute to charge transfer across
the layers. Within this model the anisotropy depends on
relative value of the densities of 2D and 3D electrons and
corresponding mobilities, which is expressed by

01lc _ Mop2ic +N3p3iC oxp (AEy /kT) . 3)

e n3k3|c
Now suppose that the mobility anisotropy for 3D
electrons is equal to the effective mass anisotropy
psLc/pajc = mjc/mic [14], and the ratio of 3D and
2D electron mobilities along the layers is ~ 2 [11]. We
have determined that no/n3 ~ 2.41 x 10% and 2.28 x 103
for initial samples 5 and 7, respectively. This means that
two-dimensional carriers are evidently dominant.

The fact that in the pristine InSe samples the o} (T")
conductivity slightly depends on 7" and is much less than
o1c can also be explained using model with tunneling
carriers through the barrier. The investigated samples
were kept long-term before experiments, so it is reason-
able to assume that charged interlayer impurities, for in-
stance native In; donors, could set up high energy barri-
ers for carriers’ motion across the layers. In such condi-
tions the expression for anisotropy ratio changes to

o1c _ Nopf2ic +N3p31C (4)

te nspz|cD
According to quantum mechanics, the transparence D of
a rectangular barrier is

16n? 2m
—_— —2dy\| — (Ey — E) |, 5
where d is the width of the barrier, Fy is its height,
E is the energy of a particle, m is its mass, and

n=+/(Ey— E) /F is the refraction factor.

Since above expression (4) contains many unknown pa-
rameters, rigorous calculations are impossible. To esti-
mate the barrier’s parameters it was assumed that the

D=
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TABLE II

Calculated parameters of n-InSe before and after electron
irradiation.

Charge transfer mechanism along the ¢ axis

Activation Tunelling
Samp. AR Z
b A n2 /n3 d [A] 0 iy /’I’Lg
[meV] [eV]

5 15.7 | 746 |2.41 x 10%| 3.0 |0.687| 2.41 x 10°
5E | 32.7 |2200(8.22 x 10*| — — -
7 | 24.0 | 700 [2.28 x 10%| 3.0 |1.373| 2.28 x 10°
7E | 50.0 | 710 |2.64 x 10*| - - -

energy of a particle is the energy of thermal motion
E = 3kpT/2 and also the ny/ng values were used. It
is reasonable to suppose that the width of the rectan-
gular tunnel barrier d = 3 A, which in fact is the dis-
tance between Se atoms of neighboring InSe layers, is
the width of the vacant interlayer gaps. By changing the
value of Fy one can achieve a satisfactory coincidence be-
tween the experimental data and calculated dependences
(Fig. 2) at the barrier height equal to 0.687 and 1.373 eV
for samples 5 and 7, respectively.

For the pristine InSe samples the available experimen-
tal data are insufficient to give advantage to one of the
mechanisms above. As for the e-irradiated samples, much
higher value and stronger temperature dependence of
the anisotropy ratio o c/o|c indicate validity of the
activation model. The corresponding calculated curves
are shown in Fig. 2, and the numerical data are listed
in Table II. For both the samples the e-irradiation re-
sulted in the increase of the energy barrier height by
more than twice. Taking into account our data for the
mobilities of 2D and 3D electrons along the layers at the
same irradiation level [17], as well as supposing that for
3D carriers pzic/ps c = 0.615 we can more strictly, as
compared to the initial samples, determine the concen-
tration ng/ng ratio. The data in Table II (calculations
at 80 K) indicate that after the irradiation the relative
quantity of 2D electrons also appreciably increases (more
than by one order of magnitude).

As a detailed model of 2D electron gas is concerned,
the data above are insufficient for its correct choice. How-
ever, to explain the obtained results just the existence
of 2D electrons is important but not their origination
or spectrum of two-dimensional electron states (quan-
tized or continuous). Note that we have not used the
model of the 2D subbands at the interface between the -
and e-polytypes [11], which predicts space separation of
2D electrons and ionized donors as well as a uniform
distribution of shallow donors. In such approach after
the e-irradiation these uncompensated donors would pro-
vide a significant 3D conductivity in the perfect «-range
which does not agree with our earlier data [17] and
the obtained results. That is why we accepted a non-
uniform distribution of the shallow donors along the ¢
axis, which additionally becomes stronger after the high-
energy e-irradiation.
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4. Conclusions

The influence of electron irradiation on conductivity
anisotropy in n-InSe is investigated for the first time.
The experimental results indicate that the conductivity
anisotropy parameter is predominantly affected by planar
defects, that promote the formation of potential barriers
for charge carriers. They should tunnel through or be
activated over them to contribute to conductivity along
the ¢ axis. It explains high values o ¢/ojc for both
pristine and irradiated crystals.

Electron irradiation stimulates the transitions of impu-
rities, available in the pristine samples and irradiation-
induced ones, into vacant vdW gaps and results in in-
creased anisotropy ratio. The anisotropy, initially high
(~ 10* at 80 K) but slightly dependent on temperature,
abruptly increases after the e-irradiation with a dose of
30 kGy taking extremely high values (nearly 10 at 80 K)
and varies with temperature according to the exponential
law. The results are explained within the model, which
along with 3D electrons predicts the presence of 2D carri-
ers not contributing to charge transport along the ¢ axis.
The numerical calculations indicate that two-dimensional
electrons dominate in all samples and after e-irradiation
their relative amount increases by more than a factor
of ten, i.e., the significance of 2D electron gas becomes
enhanced.
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