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the PbSnTe +Cr alloys.

Single crystal samples of PbTe and PbSnTe doped with Cr were made using the Bridgman technique.
Far infrared diagrams of PbTe samples doped with 0.4 at.%, 0.8 at.% and 1 at.% Cr and also of PbygSng;Te
doped with 0.4 at.%, 0.7 at.% and 1.1 at.% Cr are presented and numerically analyzed. Local modes were
determined at about 260 cm~! and 480cm™! for PbTe doped with Cr and at slightly higher frequencies
for PbSnTe doped with Cr. The origin of the local modes was discused about the possible application of

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Lead telluride is a very well-known narrow gap semiconductor,
which has been used for the production of lasers and LED diodes.
When PbTe is doped with various impurities several unusual effects,
which are not present in the undoped semiconductor, can occur [1].
For instance, when PbTe is doped with a group Il element, such as
In or Ga, that leads to the Fermi level pinning effect, and also the
persistent photoconductivity effect at low temperatures [2]. Dop-
ing PbTe with a transition metal is also very interesting because the
position at the present impurity levels could be tuned by the mag-
netic field. In PbTe doped with Cr the Fermi level is pinned in the
conduction band [3,4] about 100 meV above the conduction band
edge. Faraday effect investigations have shown that doping PbTe
with Cr up to the concentration of about 0.4 at.% Cr does not affect
significantly the effective mass of free carriers, m*, and the shape
of the Fermi surface [5]. Effective mass at the Fermi level was cal-
culated using the Kane model. Negative magnetoresistance in PbTe
(Mn, Cr) was observed at temperatures T< 15K [6] while at higher
temperatures the magnetoresistance is positive. Optical absorption
in PbTe doped with Cr was measured a long time ago [7,8] in the
phonon energy range between 0.1 eV and 0.34 eV at room temper-
ature. Analysis of the optical absorption spectra showed that the
incorporation of chromium into PbTe produces a slight increase of
the energy gap width. In this work we have studied the behavior of
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PbTe and PbSnTe when they are doped with different amounts of Cr.
Far infrared spectra of these semiconductors doped with Cr were
measured. The experimental diagrams were numerically analyzed
and the optical parameters determined enabling a comparison of
the influence of small amounts of Cr dopant on the determined
free carrier mobility values for both the PbTe compound and PbSnTe
alloy, especially having in mind that relatively recently it was estab-
lished that PbSnTe IR detectors are more resistant than others to
nuclear radiation [9] so investigations on these doped alloys have
become interesting again.

2. Experimental

Single crystals of both PbTe and Pbg9Sng;Te doped with a starting composition
of 2at.% Cr were produced using the Bridgman method [10]. High purity elements
(6N) Pb, Sn, Te and Cr were used as the source materials. Samples were cut or cleaved
from the ingot and then highly polished before they were used for measurements.
The content of Pb, Sn, Te and Cr in each sample was determined using EDS analysis.
Along the ingots the concentration of Cr decreased from the top to the end of the
ingot. This enabled cutting of samples with different contents of Cr. Highly polished
samples were used for optical measurements. Far infrared reflectivity spectra of
PbTe doped with 0.4 at.%, 0.8 at.% and 1 at.% Cr and also of PbSnTe alloys doped with
0.4at.%, 0.7 at.% and 1.1 at.% Cr were measured at room temperature using a Bruker
IFS-113 V spectrometer. All investigated samples were of the n type.

3. Experimental results and discussion

The room temperature reflectivity spectra, as a function of the
wave number, for single crystal PbTe samples doped with 0.4 at.%
Cr, 0.8at.% Cr and 1at.% Cr are given in Fig. 1a, b and c, respec-
tively. For these three diagrams, plasma frequency was observed at
about 153cm~1, 156 cm~! and 117 cm™1, respectively. The plasma
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Fig.1. Room temperature FTIR spectra of PbTe doped with: (a) 0.4 at.% Cr; (b) 0.8 at.%
Cr; (c) 1at% Cr.

frequency obviously moves to the lowest frequency when the con-
tent of Cr is approaching 1at.% of Cr. For single crystal PbSnTe
samples doped with 0.4 at.% Cr, 0.7 at.% Cr and 1.1 at.% Cr the reflec-
tivity diagrams are given in Fig. 2a, b and c, respectively. Their
plasma frequencies are a bit higher-at about 203 cm~!, 154cm™!
and 164 cm™!, respectively. All these reflectivity spectra were ana-
lyzed with the help of a frequency dependent dielectric function. A
four-parameter model [11] where a combined plasmon-LO phonon
interaction was taken into account was used [12]:
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Fig. 2. Room temperature FTIR spectra of PbgoSng;Te doped with: (a) 0.4at.% Cr;
(b)0.7at.% Cr; (c) 1.1 at.% Cr.

plasmons-phonon (LP+LO) waves, that arise as a result of the
interaction of the initial (o PbTe and wp ) modes. The first denom-
inator’s parameters correspond to the transversal (TO) vibrations;
yp is the damping factor of plasma; e is the dielectric high fre-
quency permittivity. The second term in Eq. (1) represents the
uncoupled mode of the host crystal, where w o and wrg are the
longitudinal and transverse frequencies while y; o and y1g are their

(1)

T (o +iyp)@? +iyw — o) w? +iyrow — 0, .

where the wj and yj; parameters at the first numerator repre-
sent the eigenfrequencies and damping factors of the longitudinal

w? +iyow — w2, H (0? + iy — w?)
- (w? + iyonw — w3,)

damping factors. The third term in Eq. (1) represents Cr-impurity
modes where wgp and wy,, are characteristic transverse and longitu-
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Fig. 3. Measured (circles) and calculated (full line) infrared reflectivity spectrum of
PbTe doped with 1 at.% Cr.

dinal frequencies, respectively, and yo, and yy, are their damping
factors. The plasma wave numbers were calculated using the fol-
lowing equation [12]:

_ @i -@p

w
p Wt

(2)

Since the reflectivity spectra were measured down to 50 cm™!
the transversal phonon mode w; was taken from the literature [13]
to be 32 cm~'. The starting values of the &,, were calculated using
the equation:

1+ VRo\’
Eoo = (1_\/@> (3)

where R, is the experimental value of the reflection coefficient at
the upper limit of the wave number measured interval. For the fit-
ting procedure the starting values of all parameters were previously
determined using Kramers Kronig analysis [14]. As an example, a
fitting spectrum of sample PbTe doped with 1at.% Cr is given in
Fig. 3. The values of the parameters calculated using Eqs. (1) and
(2) for all samples are given in Table 1. The values of their error
bars are smaller than 1cm~!. In the same table the values of opti-
cal mobility of free carriers calculated using the method of Moss
et al. [15] are also given. One can see that PbTe + Cr samples with
the highest concentration of Cr (1 at.%) have the lowest plasma fre-
quency that is just below 120 cm~!. When the concentration of Cr
decreased the plasma minimum moved to a higher wave number-
above 150cm™!. The optical free carrier mobility was the highest
for the lowest frequency at the plasma minimum. It was above
1800cm?V-1s-1,

Table 1

Optical parameters of phonons and plasmons obtained by oscillator fitting of PbTe
and PbSnTe + Cr reflection spectra at room temperature. All values are given incm~',
except iy thatisin cm?V-1s-1,

PbTe+Cr 0.4at% 0.8at% 1lat% PbSnTe+Cr 0.4at% 0.7at% 1lat%
wp 153 156 117 wp 203 154 164
¥p 76 72 30 92 71 84
wo1 260 260 260  wo 276 274 267
Yo1 278 187 322 Yo1 139 172 94
w1 265 265 265  wn 286 289 285
Y11 279 173 245  yn 317 236 214
o2 480 480 480  woy 491 492 490
Yoz 490 754 478  yo2 264 1695 437
w12 540 540 540 w2 586 586 586
Y12 492 776 552y 432 1479 624
Mn 1220 1340 1820  un 940 1840 1140

Table 2
Electronic structure of: Cr, Mn, Fe, Co and Ni.
No. Element Noinozied Ground el* e e3*

atom state
24 Cr 3d°4s (7S3) 3d>(5Ssp2) 3d4(°Dy)  3d3(“Fsp)
25 Mn 3d54s? (6Ss12) 3d%4s(7S3)  3d5(6Ss;p)  3d4(°Do)
26 Fe 3d%4s? (°D4) 3d64s(°Dg;2) 3d®(°Ds)  3d°(®Ssp)
27 Co 3d74s? (4Fop) 3d74s(3Fs)  3d7(*Fopp) 3dS(°Da)
28 Ni 3d84s? (3F4) 3d°(?Ds2) 3d8(®F4)  3d7(*Fqp)

For PbSnTe doped with Cr the highest free carrier mobility was
very similar (1840 cm2 V-1s~1) when the concentration of Cr was
0.7 at.% and when the plasma minimum was the lowest (154cm1).
But when the concentration of Cr was either higher or lower the
values of free carrier mobility decreased. One should notice that all
these values for PbSnTe doped with Cr are very similar to the prop-
erties of PbTe + Cr. They are better than literature values of mobility
for pure PbSnTe [16]. Obviously Cr as a dopant improves the prop-
erties of PbSnTe a lot. During the fitting procedure of reflectivity
spectra, given in both Figs. 1 and 2 we realized that they were fitted
the best when we supposed the existence of two local Cr modes.
For PbTe + Cr they were at about 260 cm~! and 480 cm~! while for
PbSnTe + Cr they were at a bit higher frequencies: about 286 cm™!
and 490 cm™!.

Now one can consider how many local modes of Cr could exist
in PbTe. Since Cr belongs to group of transition metals together
with: Mn, Fe, Co and Ni we could observe the electronic structure
of nonionized and ionized states for these metals, which is given
in Table 2. The electronic structure of Cr and Mn are rather similar,
but as far as we know, literature data of optical properties of PbTe
doped with Mn is limited [17].

Only one local Mn mode at about 50cm~! was observed. It
is interesting to mention here that also for PbTe doped with Ni
we clearly observed only one mode [18] in the same low fre-
quency range at about 60 cm~!. For this doped semiconductor three
more local modes were observed [19] at: 130cm~!, 165cm~! and
190 cm~!. The conclusion was reached that the mode at 190 cm™!
corresponded to Ni3*; mode atabout 130 cm~! to Ni2* and the mode
at about 165 cm™! corresponded to Ni'*. In another paper on PbM-
nTe doped with Cr [20] the existence of only two local Cr modes
in PbMnTe was noted, e.g. Cr2* and Cr3*. So, in our case we could
assume that our two modes given in Table 1 at about 260 cm~! and
480cm~! could correspond to Cr3* and Cr%*, respectively. Then a
question could arise what about the Cr!* ion? For the determina-
tion of this Cr impurity mode, we have used previously obtained
results by the extension of a linear diatomic chain model for the
determination of a local mode frequency in a real crystal [21]. Then
the position of the impurity mode could be calculated using the
simple formula described in [22]:

M,
@ocr = WTOPbTe | / Miib (4)
r

where Mpy, and M¢; are the mass of the host crystal and of the impu-
rity atom, respectively, and wtgppte 1S the transverse optical mode
frequency of PbTe. The calculated value of this impurity mode, at
room temperature, is 63.8 cm~!. To check this value we have mea-
sured far infrared reflection spectra of a PbTe+1.4at.% Cr single
crystal sample in the frequency range below 50 cm~1!, which s given
in Fig. 4. The spectra were measured at 300 Kand about 200 K where
peaks in the range below 50 cm~! were better exposed and the low
frequency Cr'* mode was confirmed to be at about 64 cm~!. A sim-
ilar discussion on impurity modes and their origin could be applied
to PbSnTe samples doped with Cr. It is more important to empha-
size here that PbSnTe alloys doped with Cr have a very similar free
carrier mobility to single crystal samples of PbTe doped with Cr
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Fig. 4. Reflectivity spectra of PbTe + 1.4 at.% Cr sample measured at 300K (full line)
and about 200K (dashed line).

(Table 1). Knowing that pure PbSnTe alloys have a much smaller
energy gap compared with PbTe it is obvious that PbSnTe doped
with Cr has an improved electrical characteristic especially the free
carrier mobility and could be used for the production of high qual-
ity sensitive far infrared detectors that are stable with respect to
the action of hard radiation, for example in infrared astronomy.

4. Conclusion

In this work far infrared spectra of chromium doped PbTe and
PbSnTe single crystals have been shown and numerically ana-
lyzed. The infrared spectra have been fitted using a modified
plasmon-phonon interaction model with three additional oscilla-
tors at about 64cm~1, 260cm~! and 480 cm~!, which represent
local Cr-impurity mode behavior. For PbSnTe single crystal samples

doped with about 0.7 at.% Cr we obtained the highest free carrier
mobility. This means that the studied PbSnTe + Cr materials could
be used for making infrared devices stable for nuclear radiation,
which could be very useful in modern astronomy.
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