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concentration in the crystal is thought to be NBi .
1019 cm23. Also, Bi impurities form deep levels with
Ed 5 0.0620.08 eV, only at a relatively low Bi-
concentration region, i.e., xBi , 0.2 at.%, or, for Te
vapor pressure exceeding the optimum value for sto-
ichiometry.6 From these results, it is suggested that
at high Bi concentration, a Bi-donor atom located at
the Pb site and a Bi-acceptor atom make a nearest-
neighbor or very near donor-acceptor (DA) pair,
which does not cause effective ionic scattering nor
form a deep level.

In this paper, we report the electroluminescence
(EL) and lasing properties of pn junctions formed
with a highly Bi-doped PbTe epitaxial layer on a
Tl-doped p-type epitaxial layer. We show that Bi
doping causes efficient light emission, and emission
wavelength shows a correspondence to the nearest-
neighbor or very near DA pair model for Bi.

EXPERIMENTAL PROCEDURE

For the fabrication of pn junctions, a Tl-doped p-type
layer and Bi-doped n-type layers are successively
grown on a p-type undoped-PbTe substrate by TDM-
CVP.7–9 The growth temperature is 470°C. The
substrate PbTe crystals have been grown with the
Bridgman method under controlled-Te vapor pres-
sure; they have a hole concentration of 7 3 1018

cm23. The Bi concentration in the solution, xBi, is
1 at.% so that the carrier concentration is about 1 3(Received May 27, 2002; accepted October 15, 2002)
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Electroluminescence (EL) from PbTe pn homojunctions with a highly Bi-doped
n-type emission layer with a concentration of NBi . 1019 cm23, grown by the
temperature difference method (TDM) under controlled-Te vapor pressure has
shown a positive shift of the peak-photon energy, which coincides with the
model that Bi atoms act as both donors and acceptors, and they make the near-
est lattice-site or very close donor-acceptor (DA) pairs. Broad-contact pn junc-
tions with highly Bi-doped layers easily cause laser emission compared to the
difficulty in the lasing operation of undoped pn junctions, which suggests that
the nearest lattice-site Bi-Bi DA pairs act as strong radiative centers in PbTe.
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INTRODUCTION

The PbTe and PbSnTe laser diodes are required
for the detection of environmental pollution gases
and for application to medicine and biology. Roller
et al. have recently reported the measurement of
exhaled nitric oxide (eNO) and carbon dioxide (CO2)
simultaneously in human breath with IV-VI mid-
infrared laser.1 For impurity doping in these laser
diodes, Bi is usually used for obtaining n-type lay-
ers.2–4 However, detailed knowledge of the behavior
of Bi atoms in PbTe has yet been lacking.

Recently Prinz et al. have discussed the electron
localization effects in Bi-doped PbEuTe layers
grown by molecular beam epitaxy.5 We have re-
ported on the electrical properties of Bi-doped PbTe
epitaxial layers grown by the temperature differ-
ence method under controlled vapor pressure (TDM-
CVP) liquid phase epitaxy, as a function of Bi con-
centration in Pb solution, xBi, and as a function of Te
vapor pressure applied on the solution.6 Although Bi
atoms were thought of as typical donor impurities, it
is suggested that Bi atoms act as both donors and
acceptors in highly Bi-doped layers as long as ap-
plied-Te vapor pressure does not exceed the opti-
mum vapor pressure for stoichiometry. Moreover,
with increasing xBi, Hall mobility has been found to
drastically increase at xBi . 0.4 at.% at which Bi
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1017 cm23. However, Bi concentration incorporated
in the epitaxial layer is 2.2 3 1019 cm23, which has
been obtained by inductive coupled plasma (ICP)
emission analysis.6

A Te vapor pressure of 2.3 3 1024 Torr is applied
on the growth solution to control stoichiometry.

In contrast, the carrier concentration in the p-type
layer is 7 3 1018 cm23, which is higher than the elec-
tron concentration in the Bi-doped n-type layer.

Ohmic contacts are formed with Pt and Au succes-
sively deposited on both for the n-type layer and the
p-type substrate by electric plating. Broad-contact
structure laser diodes are obtained by cleaving a
grown wafer to a width of 300 mm and length of
500 mm. No etching treatment is performed after
cleaving.

The diode samples are placed in a cryogenic sys-
tem in which the temperature can be controlled
from 15.8–40 K. Width and duty ratio of the pulse
current is 70 msec and 1/267, respectively. Emission
spectra are detected with a liquid nitrogen-cooled
HgCdTe detector.

RESULTS AND DISCUSSION

The Bi-doped n region has a low electron concen-
tration of 1 3 1017 cm23. Although Bi concentration
is as high as 2.2 3 1019 cm23, self-compensation be-
tween Bi donors and Bi acceptors are thought to
have occurred. In contrast, the Tl-doped p-region
has a hole concentration as high as 7 3 1018 cm23.
That is, the diodes are p1n homojunctions, so the
hole injection from the p-side to the n-side of the
junction is almost two orders of magnitude higher
than the electron injection from the n-side to the
p-side. Therefore, we can reasonably assume that
the observed light emission should be mainly due
to the recombination of excess holes injected into the
Bi-doped n side, occurring within the hole diffusion
length from the pn-junction interface, and the elec-
tron injection to the p side can be neglected.

A typical example of the spontaneous emission
spectra of highly Bi-doped pn junctions (xBi 5 1 at.%)
is shown in Fig. 1. A comparison is made with the
earlier reported EL spectra from pn junctions with
much lower Bi concentrations (1.6 3 1023 at.% ,
xBi , 6.2 3 1023 at.%).10 A comparison is also made
with the EL spectra of undoped pn junctions that
were fabricated by Te vapor-pressure controlled
growth of an undoped n-type epitaxial layer on an
undoped p-type PbTe substrate. Figure 2 plots the
peak-photon energies of these spectra as a function
of temperature. For the undoped pn junctions, we
showed that the peak at the high-energy side, de-
noted as A in the figure, nearly coincided with the
bandgap energy determined from Ref. 11. Peak A be-
comes dominant, compared to peak B, at a current
exceeding 100 A/cm2. Therefore, peak A should cor-
respond to the band-to-band transition.10

It is a remarkable fact that peak-photon energy
for the highly Bi-doped pn junction is slightly
larger than the bandgap energy, which is coincident

with the high-energy peak (A) of the undoped pn
junction, in spite of a considerably longer wave-
length shift for the lower Bi-doped pn junction. The
energy is higher by about 3 meV than the bandgap
energy. On the contrary, the EL peak-photon energy
of the lower Bi-doped pn junction is lower by 20–25
meV than the bandgap energy (peak C). The latter
energy difference was understood as an impurity
level of Bi donors or onset of an impurity band
caused by Bi donors.

In another paper,6 we have reported the result that
the Hall mobility is extraordinarily small for xBi ,
0.17 at.% (Bi concentration in the lattice NBi , 4.4 3
1018 cm23), which implies an impurity band formation
by Bi donors or the formation of deep levels. Also, the
result that the Hall mobility remarkably rises up at
xBi 5 0.4 at.% is coincident with the present result
that the EL peak of a highly Bi-doped epitaxial layer
up to xBi 5 1 at.% is totally different from those for the
lower Bi-doped layer. To explain such effects, we have
proposed that, at high concentration of Bi impurities,
a Bi atom occupying a Pb site and one occupying a Te
site act as a donor and an acceptor, respectively, and
most of them make up a DA pair at the nearest-neigh-
bor Pb and Te lattice site, i.e., BiPb-BiTe complexes are
formed. Such a DA pair, having a distance with half
the lattice spacing, will not cause strong ionic scatter-

Fig. 1. The electroluminescence spectrum of a highly Bi-doped PbTe
pn homojunction in comparison with those of lower Bi-doped and un-
doped pn junctions: (a) the band-to-band transition, (b) the DA pair
transitions, and (c) through impurities levels or impurity band.
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ing of charge carriers because the ionic charge is 0 as
seen from carriers much more distant than the lattice
spacing. In contrast, in an ordinary case in which ion-
ized donors and acceptors are randomly distributed,
strong ionic scattering should take place and Hall mo-
bility should be greatly reduced at high Bi impurity
concentration exceeding 1019 cm23. Therefore, the
nearest lattice-site DA pair model for Bi impurities
can explain the experimental result that the Hall mo-
bility remarkably increased in the region xBi . 0.4
at.%.6

This model is consistent with the EL property of
highly Bi-doped pn junctions. The emission photon
energy for DA transition can be described as

where Eg, ED, and EA are the bandgap energy and
donor and acceptor binding energies, and r is the
distance between a donor and an acceptor. The last
term is the DA energy giving the positive shift to the
emission energy. We estimate the DA energy for
the nearest lattice-site pair; using r 5 3.1 Å, half of
the lattice constant, and the relative permeability of
PbTe, ε 5 140021800.12 Then, we obtain e2/εr 5
42232 meV. Accurate comparison with the experi-
ment cannot be made because the Bi acceptor en-
ergy is not known. However, the positive peak shift
from the C peak arising from Bi impurities is 23–28
meV. Therefore, we can say that DA energy is
roughly in agreement with the observed peak shift,
considering the crudeness of the estimation.

hn 5 Eg 2 ED 2 EA 1 e2/εr

Next, it is found that lasing oscillation easily takes
place for pn junctions with a highly Bi-doped n-type
layer, as is seen in Fig. 3. The threshold current for
the broad-area diode structure is 800 A/cm2 at 15 K,
and 3 kA/cm2 at 40 K (Fig. 4). The lasing wavelength
shifts to a slightly longer wavelength than that of the
spontaneous emission spectrum. This is a general fea-
ture because the absorption loss strongly increases at
shorter wavelength for a homojunction laser.

In contrast, undoped pn junctions did not show
any lasing oscillation as long as the same broad-con-
tact diode structure is adopted. This fact indicates
that the nearest lattice-site DA pairs of Bi act as effi-
cient recombination centers. In the present experi-
ment, the density of the Bi-Bi recombination center
is thought to be as much as 1.3 3 1019 cm23. The ap-
plied-Te vapor pressure is the optimum vapor pres-
sure for stoichiometry, i.e., PTe 5 2.2 3 1025 torr for a
growth temperature of 470°C, so the density of the
defect deep levels should be minimized even though
Bi concentration in the epitaxial layers is very high.
On the other hand, the n-type layer in the undoped
pn junction, the spectrum of which is shown in Fig. 1,
was grown with a Te vapor pressure of 8.87 3 1026

torr (growth temperature of 560°C), and the carrier
concentration is 3 3 1017 cm23.13 Its spontaneous
emission spectrum reveals peak B, which shows a
shift to higher energy with increasing current and,
at the same time, the intensity saturation. Such be-
haviors are thought of as the features of the distant
DA pair transition.6 This fact means that any donor

Fig. 2. The electroluminescence peak-photon energies versus tem-
perature of a highly Bi-doped PbTe pn homojunction in comparison
with those of lower Bi-doped and undoped pn junctions.

Fig. 3. The electroluminescence of a highly Bi-doped PbTe pn
homojunction at a current density of 40 A/cm2 and laser emission at
3000 A/cm2 observed at 16 K.



and acceptor concentration in the undoped pn junc-
tion is not high enough for the lasing oscillation.

CONCLUSIONS

Electroluminescence and lasing from PbTe pn
junctions with a Bi-doped n-type emission layer
grown by the TDM-CVP has been investigated.
Highly Bi-doped layers with NBi . 1019 cm23 show a
positive shift of the EL peak-photon energy, opposed
to those with lower Bi concentrations. This result co-
incides with the model that Bi atoms act as both
donors and acceptors, and they make the nearest
lattice-site or very close DA pairs in highly Bi-doped
layers, which were derived from the measurement of
the Hall coefficient. Broad-contact pn junctions with
highly Bi-doped layers easily cause laser emission,
while undoped pn junctions have not shown lasing
operation as long as the same fabrication method is
used. This result means that Bi-Bi DA pairs with
the nearest lattice sites act as strong radiative cen-
ters in PbTe.
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Fig. 4. (a) The intensity versus current density of a PbTe pn
homojunction at 16 K showing the threshold current 800 A/cm2.
(b) Threshold current as a function of temperature.


