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Shallow-donor impurities in indium selenide investigated by means of far-infrared spectroscopy
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Shallow impurities in n-type indium selenide (InSe) have been investigated by means of Fourier-
transform spectroscopy in the far-infrared region. Three electric dipole transitions have been identified:
1s-2p4, 1s-2py, and 1s-3p4, corresponding to electrons bound to native donors and tin-, silicon-, and
chlorine-related donors, whose ionization energies (17.6, 18.1, 18.8, and 19 meV, respectively) have been
determined through the Guerlach-Pollmann model. That model was also used to calculate the oscillator
strengths of those dipole transitions, and then to estimate the shallow-donor concentrations in each sam-
ple. Native donors turn out to be the most hydrogenic ones, and the energies of their related transitions
are used to determine a more accurate value of the low-frequency dielectric-constant product. An ab-
sorption line is observed in the low-energy side of the spectra (80 cm™!) for samples with a donor con-
centration higher than 10'5 cm ™3, which is attributed to impurity pairing. A mechanism is proposed to
explain the large value of the full width at half maximum associated with the 1s-2p; absorption line
(=6.6 cm ™! in the purest samples): Longitudinal-acoustic phonons polarized parallel to the c axis create
dielectric-constant waves that modulate the dipole transition energies of shallow donors. In highly
doped samples, compensating acceptors give rise to internal electric fields that largely broaden the ab-
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sorption lines.

I. INTRODUCTION

Among the layered semiconductors indium selenide
(InSe) is the only one in which several shallow donors
have been detected and characterized. Unintentionally
doped InSe, prepared by the Bridgman method, is always
n type, with electron concentrations ranging from 10" to
10 cm™3.173 The native donor is shallow, with an ion-
ization energy of 18.5 meV, as determined from Hall
effect (HE) results.* The related 1s-2p .. electronic transi-
tion has also been observed, at an energy of 12.7 meV, by
far-infrared (FIR) absorption.® This shallow level has
been attributed to interstitial indium atoms* as well as to
selenium vacancies.’

As regards substitutional impurities, tin (Sn) has been
shown to create a shallow donor in InSe, with an ioniza-
tion energy of 22 meV, as obtained from HE measure-
ments.!® Tin-related deep donor and compensating ac-
cepters in InSe have also been detected and studied
through HE and deep level transient spectroscopy.®~!!

As a uniaxial crystal with nondegenerate conduction
band,!? InSe is a good system to test models for shallow
donors. In recent years, InSe, as well as the related com-
pound gallium selenide (GaSe), were used to test models
for anisotropic excitons,'>!* but, obviously, only the s
states that give rise to structures in the absorption edge
were studied.

In this work we report a systematic investigation of
shallow-donor impurities in InSe, by means of FIR ab-
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sorption (Sec. III). These results are discussed in Sec IV
in the framework of the Gerlach-Pollmann model for uni-
axial crystals.!®

II. EXPERIMENT

The InSe crystals studied in this work were grown us-
ing the Bridgman method, from a nonstoichoimetric
In, (sSe, o5 melt.>1® In this work, we use samples from
ingots doped with different amounts of group-IV ele-
ments (Si, Ge, Sn, and Pb), group-VII (Cl), and isoelec-
tronic impurities (Ga, S). Doping agents were introduced
into the polycrystalline powder as compounds like InCl;,
SnSe, etc. The impurity concentration in the melt must
be as high as 1%, in order to get free electron concentra-
tions of the order of 10'” cm™>. Nevertheless, the impur-
ity segregation coefficients are very high in InSe and only
a very low proportion of those impurities remain in the
crystal, the rest being rejected to the end of the crystal
with the In excess. Some impurities remain in the crystal
and create deep levels or not electrically active centers.
From the point of view of this study that is irrelevant, as
they do not give rise to electronic absorption peaks in the
FIR region. Table I gives the average HE carrier concen-
trations at room temperature for the ingots studied in the
present work, which give a first indication of the
shallow-donor concentration.

Most samples were cleaved along the plane perpendic-
ular to the ¢ axis with a razor blade, and cut into paral-
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TABLE 1. Hall effect concentration measured in the ingots
used in this work.

Doping ny (300 K)
Ingot agent (10" cm™?)
ID Ga 1-3
SiD-1 Si 4-10
SnD-1 Sn 1-3
SnD-2 Sn 3-7
SnD-3 Sn 2040
SnD-4 Sn 80-100
CID Cl 1-2
PbD Pb 0.1
(p-type)

lelepipeds with convenient thickness (listed in Table II)
and 5X 5 mm? in size. In this configuration, the polariza-
tion of the light is always perpendicular to the ¢ axis for
normal incidence. Other samples were cut along the ¢

axis with a diamond saw, in order to achieve optical qual-
ity faces, parallel to that direction. Thus we could study
the effect of light polarization with respect to the ¢ axis.
On the other hand, annealing of several samples at 300°C
was also carried out in order to study its effect on
shallow-donor concentration (recleaving of the original
samples was necessary for avoiding overabsorption).

Fourier-transform spectroscopy in the FIR region has
been carried out using a BRUKER computer-assisted
system. Low temperatures were achieved by means of an
OXFORD cryogenic system, composed of an optical cry-
ostat, temperature controller, vacuum pump, and liquid-
helium flux controller.

III. RESULTS

In order to clearly identify shallow-donor-related
peaks, the intrinsic absorption spectrum of InSe must
first be studied. N-type samples with electron concentra-

TABLE II. Best fitting parameters: line position (first column), FWHM (second column), and integrated absorption intensity
(third column), deduced from the observed absorption lines in the different ingots. The donor concentrations in each sample are list-
ed in the fourth column (calculated from the integrated absorption intensity of P, lines and corresponding oscillator strength). The

sample thicknesses are listed in the fifth column.

O max r I Np Thickness
Sample Line (cm™") (cm™") (cm™?) (cm™3) (m)
ID P, 102.5 6.6 150 1.54 % 10" 480
ID (annealed) A 76.5 19.5 270 280
P, 103.5 8.3 890 9.13X 10"
B, 125.1 21.5 810
SnD-1 P, 103.0 8.4 150 1.57x 10" 500
p, 112.1 12.0 120 1.44X 10"
SnD-1 (annealed) A 77.8 16.4 940 165
P, 102.9 16.6 3900 4.14%10'
P, 114.1 13.1 1600 1.89X 10"
B, 127.0
SnD-2 P, 103.7 9.8 400 4.11X10" 390
P, 112.0 9.3 770 8.94 X 10"
SnD-2 (annealed?) P, 104.1 6.6 520 5.30%x 10" 140
P, 109.5 8.2 2160 2.52X 10"
B, 132.0 18.6 1130
SnD-3° A 77.7 32 310 200
P, 113.6 242 4700 5.47Xx 10"
B, 135.0 24.4 1000
SnD-4° A 78.0 33 16 400 40
P, 112.2 31 30000 3.49X 10"
B, 135.3 40 9100
SiD A€ 80.0 14.0 45 500
P, 105.9 9.6 1200 40X 10" 200
B, 129.7 16.9 300
CcID P, 102.8 12.6 35 3.6X10" 850
P, 113.7 13.6 100 1.2x10"
SnD-1 (pol. Le¢) P, 101.7 15.6 190 2.3X 10" 1000
P, 111.3 17.6 360 4.3X 10
SnD-1 (pol. ||c) C, 110.0 13.0 140 1.7X 10" 1000
C, 124.3 20.8 250 3.0x 10"
1 2 3 4 5

*Sample measured a day after the annealing.

®In these samples the concentration should correspond to N, — N 4 instead of Np.

‘Parameters obtained from a thicker sample.
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FIG. 1. Impurity absorption coefficient at 5 K for a sample
from the nondoped ingot (ID), before (dotted line) and after an-
nealing (continuous line).

tions lower than 10'* cm ™2 (at room temperature) and p-
type samples have the same FIR absorption spectra,
where only phonon absorption peaks are observed at 4.2
K. Between 170 and 220 cm ™! the crystal is opaque due
to polar TO-phonon absorption.!” Many multiphonon
absorption lines appear between 220 and 450 cm ™! and
several others appear below 170 cm™! (70, 130, and 140
cm™!). The absorption lines associated to electronic
transitions typically appear between 70 and 140 cm™!.
Therefore these lines are on the absorption tail of polar
TO-phonon and close to multiphonon transitions. In or-
der to isolate the impurity contribution to the absorption
coefficient, two methods were used.

(i) The transmission spectrum of a given sample was di-
vided by that of a reference sample with the same thick-
ness and not exhibiting impurity absorption.

(ii) The transmission spectrum of a given sample was
divided by the calculated one corresponding to the polar
TO-phonon absorption tail. The absorption coefficient

16 T 200
- P1 b
C i
[ - 160
12 g
- E 4120
Jso
6 L
4 P
40
O_..-.-m‘.’.1.“.L.L..1....|....1..\.‘7-0

70 80 90 100 110 120 130 140

Wave number (cm™))

FIG. 2. Impurity absorption coefficient at 5 K for a sample
from the SnD-1 ingot, before (dotted line) and after annealing
(continuous line).
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FIG. 3. Impurity absorption coefficient at 5 K for a sample
from the SnD-2 ingot, before (dotted line) and after annealing
(continuous line).

due to multiphonon absorption, as calculated through
this method, turns out to be lower than 3 cm ™! in the re-
gion where the main impurity absorption peaks appear
(100-130cm ™).

Both methods gave the same result when they could be
applied to the same sample, the first one providing better
spectra, because nearly all of the contribution of the pho-
non absorption lines was subtracted. After that, line po-
sition and line-shape parameters, full width at half max-
imum (FWHM), and intensity, were obtained using a 12
fitting procedure. The test line-shape function has been
observed to be Lorentzian. These fitting parameters are
listed in Table II.

Typical absorption spectra for samples, from different
ingots are shown in Fig. 1-7. In all cases the absorption
spectrum is dominated by one or two main lines that are
labeled P,. For high impurity concentration samples,
lines at higher (B, ) or lower ( A) energy also appear. In
samples with faces parallel to the ¢ axis, lines P, are ob-
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FIG. 4. Impurity absorption coefficient with polarized light
at 5 K for a sample cut along the c axis from the SnD-1 ingot.
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FIG. 5. Impurity absorption coefficient at 5 K for two sam-
ples from highly Sn-doped ingots: SnD-3 (dotted line) and
SnD-4 (continuous line).

served for light polarization perpendicular to the c axis,
and additional lines (C,) appear for light polarization
parallel to the ¢ axis. Samples from Pb- or Ge-doped in-
gots do not exhibit any impurity-related absorption peak.

The evolution of FIR spectra as a function of the tem-
perature has been studied for most samples. Figures 8
and 9 show the temperature dependence of the FWHM
and integrated intensity of the main lines, P,, respective-
ly. FWHM increases almost linearly above 20-30 K in
all cases, and tends to be constant below 15-20 K. The
integrated intensity remains nearly constant up to about
30-40 K, and then decreases with activation energies of
about 10 meV, except for the 10% Sn-doped sample
whose activation energy is higher than 40 meV.

As regards the line position, temperature shifts are
lower than 2 cm ™! through the investigated temperature
range.

IV. DISCUSSION

The observed absorption lines will be interpreted in the
framework of the Guerlach-Pollmann model for uniaxial
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FIG. 6. Impurity absorption coefficient at 10 K for a sample
from the Si-doped ingot (SiD).
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FIG. 7. Impurity absorption coefficient at 5 K in a sample
from the Cl-doped ingot.

crystals,'> applied in our case to electrons bound to im-
purity atoms, instead of excitons. In this type of crystals,
the effective Rydberg energy and Bohr radius are defined
by the expressions

*
. mi

€o1€0)

(1)
1
*_ (GOJ.GOH) /2 a

mi
where m | is the electron effective mass perpendicular to
the ¢ axis, in units of the free electron mass, and €, and

€q are the relative low-frequency dielectric constants,
perpendicular and parallel to the ¢ axis, respectively. The
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FIG. 8. FWHM of the most representative P, lines (1s-2p
transitions) as a function of the temperature: P, line of the ID
sample, before (O ) and after (@) annealing, P, line of the SnD-
1 sample (ld), P, line of the annealed SnD-2 sample (M), and P,
line of the SiD sample (A). Full line corresponds to the calcu-
lated FWHM through Eq (9), with I'y=6.6 cm ™' and Tc=22
K.
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energies of one-electron states are given by
ﬁ *
E(nl)m(a)z_T{ZIZ!ml(a) ’ (2)

where Zj,(a) is the I- and m-dependent effective
charge.!® This magnitude depends on the anistropy pa-
rameter a defined as

mte
a=1—4, A=——= 3)
m i €oj

in which both parallel and perpendicular static dielectric
constants and electron effective masses are involved. The
effective mass tensor is defined by!!8

m?¥=0.141£0.002 ,
m* =0.081:0.009 .

The average value of the low-frequency dielectric con-
stants can be obtained from the values reported in the
literature'*1°~22 and one gets

EOJ_EO” = 801'30 ,

€

% —1.30+0.15 .
€o|

The effective Rydberg energy results about 24+9 meV
and the anistropy ratio 4 equal to 23+0.4. The first es-
timation of the lowest transition energies can be found
from Egs. (2):

Ejpgp, =102 cm™!,
Ejgp, =114 cm™!,

ElS-3pi = 124 Cm—l .
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FIG. 9. Integrated intensity of the most representative P,
lines (1s-2p transitions) as a function of the temperature: P,
line of the ID sample, before (O) and after (@) annealing, P,
line of the annealed SnD-2 sample (M), P, line of the SnD-4
sample ( A ), and P; line of the SiD sample (A).
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A. Main absorption lines:
transitions from ground state to first excited states

If we compare the experimental energies of lines P,
with the calculated value of E 15:2p, » WE Can see the coin-

cidence between this transition energy and that of peak
P,. That coincidence suggest that native shallow donors
are very hydrogenic, which indicates that the centers re-
sponsible for these levels introduce a very weak perturba-
tion in the lattice.

InSe is grown from an initial mixture with indium ex-
cess (the proportion was given in the first paragraph of
Sec. II), which is segregated to the end of the ingot dur-
ing the growth. If a little proportion remains in the bulk,
the indium atoms could occupy the most stable intersti-
tial positions, which was suggested by Segura et al.,* in
order to explain the origin of the donor level deduced
from HE measurements in nondoped samples. Measure-
ments of positron annihilation, reported by De la Cruz
et al.,” are also coherent with this hypothesis. More-
over, Kunc and Zehyer have established,?* using total en-
ergy calculations, that Li(2s') atoms can occupy intersti-
tial positions of equilibrium (minimum energy) in either
octahedric or tetrahedric environment. Similarly,
In(4s%p') atoms could be lodged in such positions. When
the In atom gets ionized, the perturbation introduced in
the lattice is expected to be weak, in view of the spherical
symmetry of the In" ions, and shallow character would
be preserved.

Silicon and tin atoms have an additional electron, com-
pared to In, and chlorine one more than Se. Then, P,,
P;, and P, must also be attributed to the transition
1s-2p of electrons bound to those shallow donors, with
a chemical shift in the ground-state energy of about 3.5,
10, and 11 cm ™!, respectively.

The chemical shift observed in substitutional donors
depends on the electronegativity and size of these atoms.
According to our results, any significant correlation can
be established in InSe between these magnitudes. On the
other hand, the fact that no absorption lines associated to
Ge atoms were observed may be attributed to its high
electronegativity. Then, deep levels can be originated if
Ge substitutes for In atoms. The largest size of Pb may
be the origin of the impossibility that one of these atoms
substitutes for only one atom of indium in the lattice.
The more likely situation would be the substitution of
two atoms of indium by one of lead, yielding a local
configuration similar to that of the cation in Pbl, and
SnSe,, which should give rise to an acceptor center.*
These comments can also be applied to Sn atoms, and a
partial compensation can be present in the material. In
fact, partial compensation is necessary to account for op-
tical”® and electrical'® measurements in Sn-doped sam-
ples.

Chemical shift can be accounted for, in a first evalua-
tion (the observed chemical shifts are lower than 10%),
by means of a short-range potential included in the
effective mass Hamiltonian of Guerlach and Pollmann:

H=—ﬁ*a*ZA,—%ﬂ*a*ﬂa@)—Voa(r) @
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and using a variational function for the electron ground
state:

172
3
Zypla) e*(r/a*)Zoo(a)

7ra"‘3

v, = , (5)

where a, is the variational parameter. The minimum
energy is

corresponding to a minimum variational parameter

*
* av

a . S—
var 2[1_‘/_—1_1,] ’

(7

where v is a magnitude depending on the strength of the
central cell potential V:

_ 6VoZgla)

TR*a*

(8)

v

The variational effective Bohr radii are calculated by
Egs. (6) and (7) for the observed relative energy shifts.
These effective radii allow us to calculate the oscillator
strengths and relative absorption intensities correspond-
ing to each donor impurity, using expressions that are
straightforward, deduced from the Gerlach-Pollmann
wave functions.'> The oscillator strengths for the 1s-2p.
transition are 0.343, 0.332, 0.303, and 0.301 for the na-
tive, Si-, Sn-, and Cl-related donors, respectively. Using
the values of f),,, ~calculated in that way and the in-

tegrated absorption intensity of P, lines (third column in
Table II), we can estimate the neutral donor concentra-
tion (lower than the actual impurity concentration if par-
tial compensation exists) in each sample. The result of
that calculation is shown in the fourth column of Table
11, from which we can observe the large increase of the
shallow-donor concentration after a short-time annealing
on the samples. This effect is coherent with the model
proposed in Ref. 11 and developed in Refs. 9 and 26. In
that model, the Bridgman-grown crystals are assumed to
consist mainly of the y polytype, with thin regions
(=100 A in thickness) of the € polytype, separated by
two stacking faults (giving rise to potential barriers) from
the bulk y polytype. The excess In atoms can occupy
two different positions in the crystal: (i) isolated intersti-
tial sites in the bulk ¢ region, where they create shallow
donors; and (ii) interstitial sites on the stacking faults: in
that perturbed region they produce deep levels.

The annealing process during a short-time interval al-
lows In atoms to diffuse from stacking faults to intersti-
tial sites, which increases the shallow-donor concentra-
tion. Afterwards, at room temperature, In atoms are
slowly trapped by stacking faults and thus shallow-donor
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concentration slowly decreases. It has been observed that
this relaxation process continues for several days before
complete relaxation.?

Otherwise, the donor concentration in both nondoped
or weakly Sn-doped samples is about 10'* cm 3, in con-
trast to the observed Hall electron concentration at room
temperature (see Table I), which is an order of magnitude
higher. The mentioned model explains this contradic-
tion, assuming the existence of electrons confined in two-
dimensional electric subbands, originated in the interface
between stacking faults and the bulk.’

Let us now deal with dipole transitions from ground
state to higher excited states. The energy differences be-
tween P, and B, lines ranging from 21 to 24 cm ! (Table
II) are very close to the calculated value, between the
states 2p, and 3p, (22 cm~!). Thus lines B, are un-
doubtedly associated to electronic transitions 1s-3p .

Excitation spectra of doped Si and Ge always show the
absorption lines corresponding to 1s-np, and ls-np.
transitions. The simultaneous appearance of these lines is
due to the existence of several equivalent conduction-
band minima at the same point of k space. In InSe, only
one conduction-band minimum at the I" point exists and
selection rules are satisfied. Effectively, 1s-2p, transi-
tions are allowed when light is polarized perpendicular to
the ¢ axis and forbidden in the parallel direction. There-
fore C, and C, absorption lines in Fig. 4, observed when
light is polarized parallel to the c axis, must correspond
to the transitions 1s-2p(In) and 1s-2p((Sn), respectively.

Nevertheless, we observe a substantial difference be-
tween the calculated (11.6 cm™!) and the experimental
quantity EZpO_EZM' This energy is about 30% lower

than the calculated one, in the case of In absorption lines
(P, and C,), and 15-35 % higher, in the case of Sn ab-
sorption lines (P, and C,). The homopolar phonon 47,
allowed when light is polarized along the c¢ axis (absorp-
tion line at 117 cm™ '), could be involved in the origin of
this effect. The more likely explanation is a resonant in-
teraction between the bound electrons and this phonon,
since the electronic transition energy is near to the pho-
non energy. Experimental evidences of this type of
electron-phonon coupling can be found in silicon,” %
and it has been theoretically investigated by Rodriguez
and Shultz.>® The most direct consequence of this reso-
nant interaction is the broadening of that particular ab-
sorption line in strictly resonant conditions. When the
energies of the electronic transition and optical phonon
do not coincide (out of pure resonance), the most out-
standing feature is the shifting of the electronic absorp-
tion line in a repulsive way, with respect to the phonon
frequency.’® Then, 1s-2p, transition would be shifted to
lower energies in native donors and to higher energies in
tin-related donors, as is actually observed.

At the beginning of this section we pointed out the
agreement between experimental transition energies and
calculated ones, using the effective mass approximation
for uniaxial crystals of Guerlach and Pollmann."> How-
ever, we have used an average value for the static dielec-
tric constants, which were affected by a large error. Oth-
erwise, we have accurately determined the energies of
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1s-2p, and 1s-3p, transitions associated to native
donors, which are the most hydrogenic. Now, we can try
to obtain a better estimation of low-frequency dielectric
constants from these experimental energies. Expressions
(1)-(5) enable us to get

A=2.28+0.02 ,

R*=191.8+1.3 cm ™!,
which yield
€060 =80.7£1.3 ,

€,
2 —1.3140.15 .
€o

The largest relative error on the ratio of dielectric con-
stants arises from the larger error in the electron effective
mass parallel to the c axis.

B. Absorption by donor pairs in InSe
with high impurity content

The absorption lines labeled as A4 were observed at
lower energy than the others and they did not exhibit any
apparent chemical shift. Moreover, their intensities in-
crease with increasing impurity content. These lines must
thus be related to an interaction between shallow donors.
This phenomenon has been observed and analyzed by
Thomas et al. in phosphorus-doped silicon,*! on the basis
of hydrogen-molecule-level energies, and assuming a
Poisson distribution for the distance between impurities.
In this random distribution there exist close pairs of
donors, in which energy levels are drastically altered,
providing the low-energy transitions.

The ground state of the H, molecule, denoted by 'S/,
is comprised of the 1s states on the two hydrogen atoms.
The lowest excited states are denoted by '3 and 'II,.
The last one corresponds to the state in which one of the
electrons comes up to the 2pw state on the same atom,
i.e., |1s,2p7) (which has its lobe pointed perpendicular
to the axis of separation of the two atoms). The '3}
state may be represented as a combination of a charge-
transfer state |1s2,0) with both electrons in the 1s state
on one of the atoms, a state in which an electron is on the
2po state (the lobe is along the axis of separation of the
two atoms), i.e., |1s,2po ), and other states of the same
symmetry, mainly the |1s,2s ) state, as assumed by Kolos
and Wolniewicz.*?

The energies of the first electronic states of the H, mol-
ecule have been tabulated by Kolos and co-workers®?~3*
and, conveniently scaled, can be used to determine the
energy levels in donor pairs in our semiconductor. The
energies of 1s, 2p,, and 2p. states of one isolated atom
have been corrected by the charge factors Zy(a),
Zo(a), and Z,,(a), respectively, in order to give account
of the uniaxial anistropy in InSe. Figure 10 shows the
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calculated transition energies between the ground state
and the two first excited states in a donor pair, as a func-
tion of the distance between donors. The lowest transi-
tion energy occurs at about 0.10872* below the isolated
donor transition 1s-2p., and corresponds to the transi-
tion from the ground state to the 'S; state that can be
considered, for that distance (~160 A), mainly as a
charge-transfer (D "D ~) state. Therefore, if donor con-
centration is high enough, an absorption line at about 82
cm ™! should be expected. Experimentally, 4 lines are
detected at 78—80 cm ™!, in correspondence with the pre-
vious estimation. The independence of this transition en-
ergy with chemical shift can be understood from the
larger extension of the electronic system D,, by compar-
ison to the isolated donor.

It must be pointed out that the pairing between shal-
low donors is more intense for native donors. The transi-
tion to the D "D ~ state is observed in nondoped samples
for donor concentrations lower than 10!° cm ™3, while the
donor concentration must be larger that 3-4 X 10'* ¢cm 3
in doped samples to obtain a similar intensity (Table II).
The origin of this difference could be attributed to the
higher mobility of interstitial donors with respect to sub-
stitutional donors.

C. Linewidth dependence
on the temperature and donor concentration

1. Temperature dependence: Phonon broadening

The lowest measured FWHM of the 1s-2p . absorption
lines was 6.6 cm ™! (sample from the isoelectronic doped
ingot) and may be considered as the natural FWHM for
this transition in InSe, given the low donor concentra-
tion. This condition makes negligible the effects reported
in the preceding section and also the influence of internal
electric fields, if some compensation was present. More-
over, the line shape for this transition is Lorentzian. The
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FIG. 10. Transition energies from the ground state to the
first two excited ones for a hydrogen like molecule as a function
of the interimpurity distance.
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interaction between electrons and acoustic phonons
would be responsible for the observed natural FWHM
and line shape, as occur in Ge or Si.353¢

We can use the model proposed by Barrie and Nishi-
kawa in the isotropic case’® as a rough approximation,
taking the following parameters for InSe:*’

p=5.55g/cm’ ,
v, =2700 m/s ,
==5eV,

where p is the density, v; the sound velocity along the ¢
axis, and = the deformation potential energy. The
FWHM would be about 2 u eV (mainly due to the cou-
pling between 2p .. and 2s, 2p, states), nearly three orders
of magnitude lower than the experimental value. In spite
of this disagreement, the FWHM of P, transitions in
these samples exhibits a temperature dependence close to
that coming from the phenomenological expression, de-
duced by Barrie and Nishikawa for the deformation po-
tential mechanism:3¢

where I'y is the FWHM at O K and T, the characteristic
temperature of the electron-phonon interaction. In Fig. 8
the full line fits the low values of the FWHM taking
I[,=6.6 cm™!, and the more typical variation at higher
temperature, choosing 7,=22 K. It suggests that the
mechanism responsible for the line broadening must be
due to some specific feature of longitudinal-acoustic (LA)
phonons in layered semiconductors. Recent results on
GaSe and InSe have shown that the excitonic Rydberg
decreases by 25% in GaSe and 18% in InSe between nor-
mal pressure and 2 GPa.’%%

Gauthier et al. in Ref. 38 propose a model in which
that decrease is due to the increase of dielectric constant
€y under hydrostatic pressure, produced by a charge
transfer from the cation-cation bond to interlayer space,
which is originated by a fast decrease of the interlayer
distance. The dielectric-constant anistropy should disap-
pear when hydrostatic pressure is high enough. There-
fore LA phonons, polarized along the ¢ axis, would have
generated an associated wave of dielectric constant €.
This wave would produce a modulation of the effective
Rydberg energy of shallow impurities, as well as a modu-
lation of the transition energies between bound states.

This type of LA phonons has an associated pressure
wave:

|AP|=C;;q- A expliq'T) , (10

where Cj; is the elastic modulus along the c axis and A,
the amplitude of the acoustic mode. The amplitude of
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the pressure waves would be
(N, +3)%

2Mo
1 (11)

172
Py=Cy394,=Cyq

N,=

exp —1

kpT

where N, is the occupation number of LA phonons and
M the reduced mass of the mode. In the limit T—0K,

P 172

1
4Mv, (12)

Py=Cy;

The maximum value of g is fixed by the fact that only
those LA phonons with wavelength higher than about
2a* can produce a pressure variation in the whole space
occupied by the ground state of a shallow impurity. A
characteristic energy or temperature can be defined:

hw=fws—ﬂ-—,
a*
13
L, (13)
kBa*

at which all contributing phonons are excited. This
determines the maximum amplitude of the effective pres-
sure waves:

172

) (14)

172

wh

THC 330
4Mv.a*

Po=Cs 4Qa*

where Q is the unit cell volume. Using a* =38 A, we get
P,=0.26 GPa and the ground-state energy would be
affected by a modulation about 2.2%, given the linear
dependence of the Rydberg energy under pressure up to 2
GPa. This modulation yields an absorption line broaden-
ing of about 4.5 cm™!, very close to the observed
FWHM.

2. Concentration dependence: Ionized impurity broadening

In highly Sn-doped samples (SnD-3 and SnD-4 ingots),
the FWHM of P, absorption lines at low temperature
can be as high as 30 cm™'. That value can only be ex-
plained through the existence of internal electric fields
created by the presence of ionized compensating accep-
tors. On the other hand, these fields can also be the ori-
gin of the large broadening observed for the P, line above
40 K (solid squares in Fig. 8) in the annealed SnD-2 sam-
ple, more representative than the SnD-1 because line P,
dominates over P,.

If the distribution of the ionized impurities, relative to
the neutral ones, is completely random, the distribution
function of the internal electric fields in the sample is the
well-known Holtzmark function.*>*! The most probable
value of the electric field is

e(2NA )2/3
EmH=4'16T . (15)

The absorption line broadening would be of the same
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FIG. 11. Variation of FWHM at low temperature as a func-
tion of neutral-donor concentration, corresponding to native
donors (0O ), Si- (A ) and Sn-related donors (M). Full lines corre-
spond to the FWHM curves, calculated from second-order
Stark shift, and assuming a compensation ratio of 5% (curve 1),
10% (curve 2), and 20% (curve 3).

order of the Stark shift, corresponding to that electric
field.*' In uniaxial crystals all the states show second-
order Stark effect, because of spatial symmetry, and the
theoretical shift is given by*

m
Afhm (@ 6)=26"a % Zh(@) (&) *hium(@) ,

(16)

where & is the electric field and A, () is defined as

1 ‘<"p(n’1’)m(a)|z|¢)(nl)m(a)>I2

>

a*? 5 (22, (@) /n?)~ [z}, (@) /n?]

(17

h(nym(@)=—

Figure 11 shows the dependence of the FWHM for the
1s-2p, optical transition on neutral donor concentration,
calculated by using expressions (15)-(17), for several
compensation ratio: 5, 10, 20% and assuming a natural
FWHM of 6.6 cm™!. The experimental values for the P,
lines are compatible with that calculation, besides the
case of SnD-4 samples, for which the FWHM appears to
be lower than the calculated values. That could be attri-
buted to a correlation between the positions of ionized
impurities and neutral ones, when increasing the impuri-
ty content. Correlation can be taken into account by as-
suming another distribution function for the internal
electric fields, which was deduced by Kogan, Van Lien,*
and Shklovskii. This distribution probability provides a
lower value of the more probable electric field, for the
same donor concentration and compensation ratio, and
consequently lower broadening.
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V. CONCLUSIONS

A systematic study on shallow donors in InSe has been
reported. FIR impurity absorption spectra have been in-
terpreted in the framework of the Gerlach-Pollmann
model. Electric dipole transitions 1s-2p., 1s-2p,, and
1s-3p4, of electrons bound to donor impurities, have
been identified through their optical-transition energies
and selection rules for polarized light absorption.

Ionization energies of 17.6, 18.1, 18.8, and 19 meV
have been determined for the native, silicon, tin, and
chlorine donor levels, respectively. Native donors turn
out to be the most hydrogenic ones and are proposed to
be associated to interstitial In atoms. The other donors
are proposed to be substitutional centers in cationic (Si,
Sn) or anionic (Cl) positions. Chemical shifts for these
donors have also been quantitatively accounted for by in-
cluding a short-range potential in the electronic Hamil-
tonian.

The shallow-donor concentration was determined
through the calculated oscillator strength of 1s-2p_ tran-
sitions. The concentrations of native donors have been
shown to increase up to a factor 20 after annealing,
coherently with HE previous results. That was interpret-
ed by a model in which excess In atoms, adsorbed to
stacking faults (generating deep levels), can diffuse to iso-
lated interstitial sites in the perfect bulk regions (becom-
ing shallow donors) and vice versa.

The product and ratio of low-frequency dielectric con-
stants, perpendicular and parallel to the ¢ axis, were
determined from the energies of 1s-2p and 1s-3p, tran-
sitions in native shallow donors.

An absorption line associated to donor pairing was ob-
served at about 80 cm™!, independently of the donor
type. This transition energy was interpreted through a
hydrogenic molecule model, with a rescaling of the ener-
gy levels, which takes into account the crystal anisotropy
of InSe. The pairing effect was observed to be more in-
tense for interstitial native donors than for substitutional
ones.

The FWHM of 1s-2p transition in the purest samples
(=~6.6 cm™!) has been explained by a mechanism, typical
of layered semiconductors, in which LA phonons, polar-
ized parallel to the ¢ axis, create a dielectric-constant
wave that modulates the electronic binding energies.

The absorption line broadening in highly Sn-doped
samples has been explained by the second-order Stark
shift, produced by internal electric fields, which are creat-
ed by ionized compensating acceptors.
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