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Germanium telluride (GeTe) is one of the most studied phase change materials. Surprisingly, only
little is known about the density of states (DOS) in its band gap. In this paper, the DOS of
amorphous GeTe films is investigated both experimentally and theoretically. We propose a model
for this DOS as well as estimates of some of the transport parameters of this material. Thin films of
amorphous GeTe have been deposited by sputtering. Their dark and photoconductivity have been
measured as a function of temperature. By means of the modulated photocurrent technique their
DOS was probed, while their absorption was investigated by photothermal deflection spectroscopy
at room temperature. Numerical calculations were employed to reproduce the experimental results
with a proper set of transport parameters and choice of DOS. These data constitute a good basis for
further study on the influence of the DOS on the aging of the sample resistance (“resistance drift”).
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4768725]

. INTRODUCTION

Phase change materials (PCMs) possess attractive prop-
erties which are suitable for data storage applications. They
can be rapidly and reversibly switched between the amor-
phous and crystalline states. This phase transformation is
accompanied by a pronounced change of optical properties,
which is already exploited in rewriteable optical data stor-
age.! However, these materials are also very attractive for
non-volatile electronic memories, where the pronounced
change of electrical resistivity is utilized.>*> GeTe is one of
the first phase-change materials studied, since its feasibility
for rewriteable optical data storage was already verified in
1986.% Recently, it was shown, that electrical switching in
small GeTe cells can be achieved within a few nanosec-
onds.” This dynamic random access memory (DRAM)-like
speed implies that phase-change materials might help to re-
alize a universal memory,6’7 which combines the switching
speed of the DRAM with the non-volatility of the Flash
memory. To further increase the application potential of
such an electronic memory, it would be highly desirable to
realize multilevel storage in phase change memories. While
the pronounced contrast in electrical conductivity between
the amorphous and crystalline state facilitates multi-level
storage, the increase of the resistivity of an amorphous
region with time (“resistance drift”) endangers the realiza-
tion of multilevel storage.® Hence, it is highly desirable to
understand and prevent resistance drift. Recent theories
relate resistance drift with the temporal evolution of the
density of states (DOS).””'? With this goal in mind, we
have studied amorphous GeTe (a-GeTe). Recently, we have
investigated this compound by means of the modulated pho-
tocurrent (MPC) technique.'® This technique, proposed by
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Oheda decades ago,'* is a very powerful tool to investigate
the DOS of glassy or semiconductor materials.'>"'® In this
paper, we investigate the amorphous GeTe DOS both exper-
imentally and by means of numerical calculations, trying to
reproduce the temperature dependence of the dark and pho-
toconductivity as well as the MPC spectra measured for this
material. We have also tried to reproduce the dependence of
the absorption coefficient on photon energy at room temper-
ature. We describe the procedure we have followed to esti-
mate transport parameters such as the extended states hole
mobility u, and the equivalent density of states N, at the va-
lence band edge E,. From the results of these numerical cal-
culations, we propose a model of amorphous GeTe DOS
which includes the distribution of different states as well as
their capture coefficients. From this model, we expect to get
a better understanding of the DOS in a-GeTe and, further,
to investigate the possible link(s) between resistivity and
temporal evolution of the DOS.

Il. SAMPLES AND EXPERIMENTS

The a-GeTe samples consist of a glass substrate on
which a 100 nm or 200 nm thin, amorphous GeTe film, and
two parallel rectangular Al ohmic electrodes with a width of
8mm and a distance of 2mm apart were deposited subse-
quently. The a-GeTe deposition process was achieved using
an LS 320 von Ardenne Sputter system operating in constant
20-25 W power mode, 20 s.c.c.m. Ar flow, and stoichiomet-
ric targets of 99.99% purity. For Fourier transform infrared
(FTIR) spectroscopy in reflectance mode, the glass was cov-
ered with a 200 nm aluminium film before GeTe deposition.
For the photothermal deflection spectroscopy (PDS) meas-
urements, the films were deposited onto Herasil® 102 so as
to have the minimum influence of the substrate onto the ex-
perimental results.

© 2012 American Institute of Physics
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Steady-state dark and photo-conductivity (SSPC) were
measured every 10K between 100 and 300 K on samples fit-
ted onto the cold finger of a dynamically pumped cryostat.
The photoconductivity was measured with the sample being
illuminated by a constant flux (Fz = 10'®cm ™2 s™") of infra-
red light (850 nm). For each measurement, we waited 10 min
for the temperature to stabilize and took 20 acquisitions, one
each second. The value of the dark and photocurrent was
obtained from averaging of these acquisitions, which
resulted in an error of less than 5%. The same light was used
to perform MPC experiments to determine the DOS. MPC
data were measured every 5 or 20K between 120 and 300 K.
The amplitude of the modulated flux was 4 times lower than
the average flux F,. and the modulation frequencies were in
the range from 12 Hz to 40kHz. Each measurement was the
average of 20 acquisitions of the phase shift and modulus of
the alternating current and resulted in an error of the order of
10%. From FTIR measurements, we have deduced the varia-
tion of the band gap with temperature 7. Reflectance meas-
urements were obtained between 4 and 300K for photon
energies £ from 0.04 to 1eV. The absorption coefficient
o(E) was deduced from the analysis of the reflectance spectra
by means of a Tauc-Lorentz oscillator model using the soft-
ware scouT.!” We have defined the band gap as the energy
value for which a(F) = 10*cm ™!, known as the E, value. In
addition, Seebeck measurements were performed between
220K and room temperature to derive the position of the
Fermi level Ej with respect to the valence band edge E,.

Finally, PDS has been applied at room temperature to
800 nm thick a-GeTe films, deposited onto Herasil® 102 sub-
strates. From these data, the dependence of the absorption
coefficient o(F) on the photon energy E was derived. These
variations span typically four orders of magnitude for photon
energies in the range 0.4 <E <1.2eV.

lll. EXPERIMENTAL RESULTS

Most of the amorphous GeTe films were found to be
poorly photoconductive between 200 and 300 K, with very
little difference between the currents measured under dark or
illumination. The room temperature dark conductivity was
of the order of 6 =35 x 10~* S/cm. From the temperature de-
pendence of ¢ in an Arrhenius plot, an activation energy of
E, =~ 0.31eV is obtained for 210 <T <300K (See Fig. 1).
For temperatures below 200K, the Arrhenius plot of &
departs from a straight line. The onset of a hopping contribu-
tion to the conductivity could be a possible explanation for
this departure.

Despite the poor photoconductivity, it was possible to
perform a DOS spectroscopy from the MPC experiment for
most of the films. In MPC experiments, the sample is illumi-
nated by a light flux modulated with angular frequency o,
while the induced alternating photo current is measured. It
was shown'>'® that from these experimental data, i.e., modu-
lus of the alternating photocurrent and its phase shift ¢ with
respect to the excitation light, one can deduce the quantity
NC,/u,, that we shall call MPC-DOS in the following. N
denotes the density of states at an energy E,, and C, the cap-
ture coefficient of the states trapping free carriers (holes in
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FIG. 1. Typical dark (open diamonds) and photo + dark (full diamonds) con-
ductivity of amorphous GeTe films. An activation energy of £, =0.31eV is
obtained from fitting the highest temperatures data of dark conductivity
(solid black line).

a-GeTe, hence the index p). Following15 16 the MPC-DOS is
derived via the equation,

N(E,)Cy 2 sin ¢
= Gouc 1
" T 10 o] (1)
with
C,N,
Ew - Ev - kBTln (Ia)) ) (2)

where kg is the Boltzmann constant, ¢ the electron charge,
and |o,.| the modulus of the alternating photoconductivity
resulting from modulated generation rate G,.. From Eq. (2),
it can be seen that the energy E,, of the probed states can be
varied and chosen by changing either the temperature or the
angular frequency. All the quantities on the right hand side
of Eq. (1) being known, Egs. (1) and (2) would offer an easy
DOS spectroscopy by varying T and w. However, C,, p,,,
and N, are unknown. In addition, Eq. (2) assumes that the
band gap of a-GeTe is temperature independent. Therefore,
E, is considered as constant for all the measurement temper-
atures and is implicitly used as a zero for the energy scaling.
Nonetheless, FTIR measurements reveal that the band gap
varies with temperature following the equation:

Egy(T) = Eps(T = 0K) — &T7, 3)

where & is ~ 1.3 x 107° eV/K? and Epy(T=0K) =~ 0.95¢V.
Finally, Seebeck measurements have shown that this evolu-
tion of the gap was essentially due to a movement of the va-
lence band edge with regard to a fixed conduction band edge.
Therefore, we have corrected Eq. (2) by taking into account
the temperature dependence of the band gap in order to define
the same zero for the energy scaling at all the measurement
temperatures. A detailed description of this procedure is pre-
sented in Ref. 18. Fig. 2 displays typical NC,/u,, spectroscopy
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FIG. 2. NC,/p, vs energy of an a-GeTe film corrected for temperature varia-
tion of the band gap. The spectra obtained at the temperatures indicated in
the figure are plotted either with = 10"2s~" (symbols) or with v =10""s""
(lines for temperatures in the range 220-250K in 5K steps). The error bars
are within the size of a symbol.

data, corrected for the band gap variations, we have obtained
for one of the a-GeTe films studied. It can be seen that the
MPC-DOS consists of a band tail along with some deep
states, one of which presents a rather well defined bell shape.
In this figure, each of the presented spectra is calculated
applying Egs. (1) and (2) to the MPC data obtained at varied
temperature 7 and angular frequency . One spectrum con-
sists in data sets (symbols) measured at constant temperature
T by varying the excitation frequency w from 12 Hz to
40kHz. According to Eq. (2), data points within any one data
set scale closer to the valence band for « = 40kHz, whereas
data points taken with lower frequency scale closer to mid
gap. The choice of consecutive temperatures was such that
the energy range scanned at one temperature by varying the
frequency has a significant overlap with the energy range
scanned at the next temperature. In this way, assuming that
the technique is probing one type of states in a given range of
temperatures, a “type” of states being defined by its single
common capture coefficients, the MPC spectra obtained at
consecutive temperatures must match one another by a proper
choice of the attempt-to escape frequency v = C,N,..

To obtain the complete spectra shown in Fig. 2 from the
MPC raw data (phase and modulus), we had to assume differ-
ent values for the attempt-to escape frequency v =C,N,. In
the case of the valence band tail (VBT), probed at low tem-
perature, a 20-K step was enough to achieve a good match
with v=C,N, = 10" s™". It can be seen that the parts of the
spectra obtained at high frequency, i.e., the parts closest to
the valence band edge, are all converging in a single envelope
describing an exponentially decreasing valence band tail.
With a higher v, these parts would not match, and, with a
lower v the spectra would have crossed. The fact that at low
frequency the spectra depart from the upper envelope can be
due to the influence of the mean dc flux as demonstrated in a
previous paper.'® In the case of the “bell-shaped” state around
0.25eV, we had to perform measurements each 5K between
220 and 250K and to choose v =10""s™" to obtain the best
match for the MPC spectra displayed in Fig. 2 (Full lines).

J. Appl. Phys. 112, 113714 (2012)
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FIG. 3. Typical dependence of the absorption coefficient on the photon
energy measured by PDS on an amorphous GeTe film.

Indeed, it is only in this small range of temperature that this
peak can be probed and observed. In this range, all spectra
exhibited a clear maximum that we assumed to correspond to
the maximum of the probed distribution of states. An adjust-
ment of this maximum at the same energy position was only
possible with v = 100571, Unfortunately, we were unable to
estimate a v value for the deepest states above 0.35eV for
which no particular shape is visible. That is why they are
plotted with the same v as the VBT though their capture coef-
ficient(s) and, hence their v, is (are) probably different.

While the MPC technique is able to observe the DOS
between valence band and Fermi level, information about the
DOS above the Fermi level can be obtained by a combination
with absorption measurements which are probing a convolu-
tion of occupied and unoccupied states. In Fig. 3, the depend-
ence of the absorption coefficient «(E) on photon energy as
measured by photothermal deflection spectroscopy is
depicted.'”?° Three regions can be seen in this graph. At low
photon energy an exponential dependence of «(F) is visible,
from which we extract an Urbach energy E, =63 meV corre-
sponding to the contribution of band tails to the absorption.
For higher energies, the dependence of «(F) follows a parab-
ola corresponding to the contribution of the band edges, while
for even higher energies, a saturation is reached when all the
photons are absorbed in the layer independently of their
energy. In this saturation region, no information on the DOS
can be gained.

IV. DISCUSSION

To obtain more insight into the transport and DOS pa-
rameters, we have developed numerical calculation software
reproducing the SSPC and MPC experiments. This software,
DeOSt, is available on the web site of the LGEP.?! The user
can define the parameters of the DOS (width of band gap,
mobility, DOS distributions, capture coefficients,...) and
introduce “experimental” parameters (flux, frequency of the
modulation, temperature,...). The software calculates the
data (dc and ac currents, phase shift,...). Subsequently, the
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computed results can be compared with experimental results.
Some of the parameters introduced come directly from exper-
imental measurements, such as the band gap width (FTIR,
PDS), the Fermi energy Ef (Seebeck, SSPC), the slope of the
valence band tail, and some v values (MPC). Others are
adjusted to obtain the experimental trends observed in SSPC,
MPC, and PDS.

For the film studied, we found from steady state photo-
conductivity (SSPC) a position of the dark Fermi level E; of
0.31 eV measured from activation of the dark conductivity.
Since photoconductivity is low down to temperatures around
180K, the mid gap density of states must be high, and thus
limiting the splitting of the quasi Fermi levels.

Knowing the position of the dark Fermi level, the value
of the dark conductivity, gives some indications on the prod-
uct u,N,. We have found a dark conductivity at room tem-
perature of the order of 6 =5 x 10~* S/cm. If we write

— gy = qu Ny exp( 1 4
0 = qupb = G, Ny exp| = ) )

we derive an order of magnitude of y, N, ~ 102 'em ' v !s!
taking for E,-E; the value of the activation energy, i.e.,
E,=0.31eV.

Since amorphous GeTe is a P type material, the band
tail we find in MPC is very likely the valence band tail. If we
assume from the experimental results that this band tail is
exponentially decreasing from the valence band edge follow-
ing an equation:

E,—E
N(E) = Nypex , ®))
(&) = Maexp (51 )

we can estimate the value of T, to be T, ~ 350-380K (kgT,
~ 30-33meV). As mentioned before, the best matching
between the different spectra of the MPC experiment meas-
ured at different temperatures is obtained for an attempt to
escape frequency v =C,N, =~ 102 s~'. Thus, we can deduce
the ratio Cp/u, = v/(,N,) =~ 10~ cm/V. The NC/u values
are completely determined from MPC data (see Eq. (1)).

10% ' ‘ ' ‘ ' ' ' 3

1022—: J
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Then, if we consider these data for £ - E,=0.2¢eV, one
obtains N(0.2)C,/u, = 5 x 10" cm™?eV ™" V. If we assume
kgT, ~ 33 meV, it follows N,y =~ 2 X 102 cm eV~ Since
N, =~ kgTN,,, we obtain N, =~ 5 X 10?' cm 2 which results in
1,~02ecm*V s land C,~ 2 x 107" em’ s

In this way, we can derive important transport parame-
ters from conductivity and MPC measurements such as the
position of the dark Fermi level (Ef ~ 0.31eV), the
hole extended states mobility (u, ~ 0.2 cm? V! s_l), the
equivalent density of states at the valence band edge
(N, ~5 x 10%! cm_3), the characteristic energy of the va-
lence band tail (kgT, ~30-33meV), and the hole capture
coefficient of these states (C,, = 2 X 107 '%cm? sfl).

Now, we can use the PDS measurements to deduce
some information on the conduction band tail (CBT). Indeed,
the Urbach energy obtained on this sample is £, =63 meV.
This Urbach energy is the convolution of all the possible op-
tical transitions from the full states below the Fermi level
towards the empty states above it following the equation:

O‘(hwph) - JcoptN(E)f(E) X Col’fN(E + hwl’h)

dE
X (1 —f(E+hw,,h)>@, ©6)

where f(E) is the occupation function, C,,, the optical coeffi-
cients, and 7w, the photon energy. If different types of
states are present, this integral has to be extended to all these
states taking account of the proper optical coefficient for
each state. Since the MPC experiment suggests a characteris-
tic energy for the valence band tail of around 33 meV, the
characteristic energy of the CBT is probably much larger, at
least around 60 meV, to obtain the observed Urbach energy
of 63 meV.

In Fig. 4(a), a first possibility for the a-GeTe DOS is pre-
sented defined by means of the parameters deduced above,
trying also to fit the absorption data as displayed in Fig. 3.
One can see that the dark Fermi level at 300 K (vertical line)
is fixed by the two band tails around 0.25eV above the va-
lence band edge. The characteristic temperature of the VBT
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FIG. 4. (a) a-GeTe DOS made of two band tails which fix the Fermi level, indicated by a vertical line, at 0.25eV above E,. (b) A fit (full line) of the experi-

mental variations (symbols) of the absorption coefficient measured by PDS.
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is 350K (kgT, =30 meV) and the characteristic temperature
of the CBT is T.=700K (kgT.=60meV) with a band gap
width of 0.75eV.

The chosen DOS gives an excellent agreement between
calculated and experimental PDS data as shown in Fig. 4(b).
Before going further, we would like to comment on the PDS
spectra and the chosen density of states. The DOS derived in
Fig. 4(a) does not correspond to the early proposition of Bahl
and Chopra.”** These authors had suggested that the VBT
could be larger than the CBT which is the opposite of the
proposed solution. However, they underlined that their pro-
posal was only schematic due to the lack of information at
that time. To have a P type material implies a VBT smaller
than the CBT, in the absence of additional donor or acceptor
type states, for simple neutrality reasons. The good agree-
ment between the experimental and calculated PDS spectra
in Fig. 4(b) was obtained for a value of the optical coefficient
Copr=8 X 1072 ¢cm’”? eV, which was taken, to be the same
for both band tails and the extended states. Hence, the order
of magnitude of the optical coefficients can be estimated af-
ter comparison of the results of SSPC, MPC, and PDS.
Finally, we have chosen for simplicity reasons N.=N, but
lack information to verify this assumption.

While the calculated and experimental absorption coeffi-
cients agree very well as shown in Fig. 4(b), the calculated
dark conductivity at room temperature is 7 x 107> S/cm,
which is 10 times higher than the measured value. This devi-
ation arises from a Fermi level being fixed too close to the
valence band. In addition, the calculated MPC spectra using
the DOS displayed in Fig. 4(a) reveal a steadily decreasing
band tail without any of the structures observed experimen-
tally in the range 0.35-0.55eV above E,. Therefore, the
introduced DOS has to be refined to produce results closer to
the experimental ones.

Since we observe a peak around 0.25eV in MPC, we
have added a peak of states 0.25eV above E,. These states
are likely to be of donor type shifting the Fermi level towards
the experimentally observed energy position from the valence
band. Experimentally, the peak is well described, i.e., the
MPC spectra taken at different temperatures converge well,

10%
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with an attempt to escape frequency of v, ~ 10'% 57!, result-
ing in a capture coefficient of the order of C,, ~ 2 X 1072
cm® s~ From the NC/ u value at the maximum, we estimate
Npar ~ 102cm2eV™!. The reader should note that the
bump experimentally observed in Fig. 2 around 0.35eV for
the spectra plotted with v =10'?s™" (symbols) is linked to a
contribution of the “bell shape” state to the MPC signal plot-
ted with the wrong v. Indeed, these spectra were recorded in
the same range of temperature (220 <7 <260K) in which
we can describe properly the “bell shape” state at 0.25eV
with v =10""s™" (220 < T < 250K). That is why the addition
to the DOS of Fig. 4(a) of a peak of states 0.25eV above E,,
as displayed in Fig. 5(a), gives rise to the bump observed
around 0.35eV in Fig. 5(b) in which the MPC spectra were
scaled with v=10"s"".

The dark Fermi level at 300K is located deeper in the
gap, 0.33 eV above E,, compared to the previous distribution
of Fig. 4(a), but this DOS is still not satisfying because the
dark Fermi level is not well pinned, i.e., it moves a lot with
temperature, coming closer to the valence band as the tem-
perature decreases. The value of the dark conductivity at
300K would be correct but, due to the movement of the
Fermi level the activation energy is too low, of the order of
0.27eV instead of the experimental value of 0.31eV.
Besides, the calculated MPC DOS does not resemble the ex-
perimental one (See Fig. 5(b)) since the deepest states do not
extend very far into the gap, that is beyond 0.45 eV, with val-
ues of the MPC-DOS of the order of a few 10'%cm eV ™'
as observed experimentally.

The only way to obtain a DOS with a deep states contri-
bution beyond 0.45eV above the valence band is to add at
least one acceptor distribution above the Fermi level as
shown in Fig. 6. However, the applied analysis procedure
given by Egs. (1) and (2) is only valid for full states when
applied to a P type material. Hence, the distribution of states
in the energy range above the dark Fermi level cannot be
reproduced correctly using Eq. (1). As a consequence, the
simulated MPC signal can be very different from the imple-
mented density of states in this energy region. Thus, even
though an acceptor state above the Fermi level may have a
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FIG. 5. (a) Refinement of the DOS of Fig. 4(a) by addition of deep donor states that moves the Fermi level, indicated by a vertical line, to a more “reasonable”
position. (b) The MPC-DOS calculated with the DOS of Fig. 5(a) and scaled with v=10">s"".
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FIG. 6. (a) a more refined DOS that includes deep states, donors and acceptors, pinning the dark Fermi level (vertical line). (b) MPC-DOS plotted from the

result of the MPC calculation taking account of the DOS displayed in (a).

significant influence on the simulated MPC spectra, its real
shape will not be correctly reproduced by the simulation.

The reproduction of the MPC experimental results with
the DOS displayed in Fig. 6(a) leads to the results shown in
Fig. 6(b) where it can be seen that the addition of an extra
peak of acceptor states above the Fermi level at 0.37 eV from
E, does lead to the emergence of the feature observed at high
energy (/~0.45¢eV) in the MPC spectra. It can be seen that the
MPC simulation does not directly reflect the acceptor
peak added at 0.37 eV. The first reason is linked to the above
explanation as illustrated in Fig 6. Fig. 6(a) shows the
density of states implemented into the simulation with
Nypn=2x102?cm eV~ and N,.=4x10%*cm eV
Despite N > Ny,,, the simulated Nc/u values describing the
deep acceptor states are lower than those describing the shal-
low donor state, see Fig. 6(b). This simulation result nicely
demonstrates that the density of states above the Fermi level
Efis underestimated by Eq. (1). The second reason is that the
MPC spectra of Fig. 6(b) were plotted as we did experimen-
tally with an energy scaling based on v=10"?s"", a value
that does not correspond to the attempt-to-escape frequency
of the introduced acceptor states, and this mismatch results in
the appearance of the acceptor states contribution around
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FIG. 7. Density of states introduced in the simulation to reproduce the ex-
perimental results of the SSPC, MPC and PDS techniques.

0.45eV instead of 0.37eV. Nevertheless, the simulated
MPC-DOS displayed in Fig. 6 is close to the experimental
one, though a clear gap around 0.37 eV exists in the simulated
MPC spectrum, from which shallow donors could be clearly
distinguished from deep acceptor states. This gap is not
observed experimentally, see Fig. 2.

That is why we have introduced another acceptor state,
the contribution of which fills the gap in between the donor
states contribution and the previously introduced acceptors
states, to refine the agreement between calculated and exper-
imental MPC-DOS. To match as accurately as possible, the
experimental results of some parameters had to be adjusted
slightly but the main trends remained. The DOS depicted
in Fig. 7 leads to the MPC spectra presented in Fig. 8§,
the Arrhenius plot for conductivity and photoconductivity
(Fig. 9) and the PDS spectra (Fig. 10).

One can see that the agreement between calculations
and experiments is rather good except for the dark conduc-
tivity at temperatures below 250 K, where hopping transport
may have a significant influence on the transport channel. At
low temperature, hopping is also present under illumination
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FIG. 8. MPC spectra calculated from the DOS presented in Fig. 7. The spectra
depicted by symbols were calculated at the temperatures shown in the figure
and plotted with = 10'? s'. The spectra depicted by lines were calculated
for temperatures in the range 210-250 K and plotted with v =10""s~".
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but its influence is smaller than under dark. Indeed, the total
current is the contribution of both free and hopping carriers.
Under dark at low temperature, the free carrier concentration
is small and hopping transport gives the major contribution
to the current. Hence the disagreement between experimental
and calculated data for hopping is not taken into account in
the calculation. Under illumination, the free carrier concen-
tration is much higher and its contribution to the current is
predominant. It is why, though hopping is not taken into
account in the numerical calculation, we have a good agree-
ment between calculated and experimental conductivity
behaviors under light.

One point that deserves further explanation is the contri-
bution of the deep states to the PDS spectra. If we had taken
the same optical coefficients, as for the band tails, they
would have been seen in the PDS spectra as a large bump
around 0.6 eV. Since it is not the case, we have assumed that
the optical capture coefficients for these states were smaller
than for the tails and extended states. Taking values approxi-
mately 40 times lower leads to the agreement displayed in
Fig. 10. Consequently, these values would be the maximum
ones for the deep states optical capture coefficients.

The data we have used in our numerical calculations are
given in Table I. The parameters, which were deduced from
experimental results, are displayed in bold characters. The
other parameters have been adjusted to obtain the best match
between calculated and experimental results for the three
experiments considered. The reader may note that some of
these parameters have only little influence on the final results.
For instance, the extended states electronic mobility, that we
have taken to be very low to keep the P type nature of the ma-
terial, can be as large as 0.1 cm? V™' s~! without modifying
the final results. It cannot be much larger otherwise the mate-
rial would turn to be N type. The inequalities in Table I give
the range in which some parameters may vary without chang-
ing the final results, the other parameters being kept constant.

The fact that there is not a single set of parameters to
obtain a final agreement between calculated and experimen-
tal results show that the model we have developed is prob-
ably not the unique solution. For instance, we have used two
acceptor state distributions to improve the fitting of the MPC
results but the influence of the second distribution of

TABLE I. Data introduced in the numerical calculation to reproduce the experimental results of SSPC, MPC, and PDS techniques. Values indicate upper limits
or assumptions made due to a lack of information, the remaining bold values are determined directly from experiments.

Conduction band tail

Valence band tail

T.=680K (kzT.=59meV) Noy=1.7 x 103 cm eV !
Coesr=5.0x10""em? s™! Cpepr=5.0x 10" cm? s~

Copicsr=8.5x 1072 cm™? eV

T,=370K (kyT,=32meV)N,, =13 x 103 cm eV !

Covpr<5.0x 107" cm®s ™ Coupr=5.0x 107" cm® s™' C,picpr=8.5 x 107> cm™? eV

Acceptors 1

Nuces =2.0 x 102 cm 2 eV Eyey — E,=0.41eV G400 = 15meV

70X 107" < Cruees €3.0x 1072 em® s Cpuee =3.0x 107 em® s Copraees =2.0 x 10722 em™? eV

Acceptors 2

Donors

Nueer =2.0x 1022 ecm > eV " Eyeer — By =0.37 eV Gyeo = 10meV
501077 < Crueer <1.0x 10712

em®s”! Cpacc2=2.0 x 102 em®s™! Coprace2 =2.0 1072 ecm™? eV

Non=2.0%x10*2cm eV ! Ey,, — E, =0.26 ¢V 045, = 15meV

Codon <5.0x 107" em? s7' Chpn =2.5 X 1072 cm’ 57" Cpprton =2.0 x 107> cm™? eV

Other parameters

E,(300K)=0.75¢eV; 1,,0<0.1 em®* Vsl Upo=10.2 em* Vs N =39%10* em % N, =3.9 x 10> cm 3
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acceptors onto the other “experiments” is rather limited. This
extra distribution should be considered more as a refinement
of the results obtained with the two basic distributions of
acceptors and donors than a definite result. However, the
model we developed gives a general picture consistent with
the results of several experiments.

One may note also that we have chosen to model the
deep states with monovalent states, even though other types
of states are possible, too. Indeed, it was shown that in some
chalcogenides, such as As,Ses, deep states consist of ampho-
teric states with negative correlation energy. We have chosen
to represent deep states with monovalent states for several
reasons. First, the processes of trapping/emission and recom-
bination are far easier to understand with monovalent states.
Second, even amphoteric states can be modeled as distribu-
tions of monovalent states. Finally, to our knowledge there is
no evidence that amphoteric states are present in a-GeTe.?*

V. CONCLUSION

We have performed SSPC, MPC, and PDS experiments
on amorphous GeTe films deposited by sputtering. From these
experiments, we have derived estimates for some of the trans-
port and DOS parameters of a-GeTe. Introduced as a starting
point in a numerical calculation, these parameters helped us to
derive a final set of parameters from which the main trends of
SSPC, MPC, and PDS results are consistently reproduced. As
expected, the DOS is essentially made of two large band tails,
a signature of the disorder usually encountered in amorphous
material. Deep states around mid gap have to be added to
these two band tails to account for the DOS distribution
observed with the MPC technique and to explain the low pho-
tocurrent. Values for the capture coefficients of these states
have been proposed as well as for the extended states hole
mobility. This first attempt to determine the a-GeTe transport
and DOS parameters constitutes a good basis for further
investigations on a possible link between DOS and drift of re-
sistivity of the amorphous phase of this material.

J. Appl. Phys. 112, 113714 (2012)
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