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Growth and characterization of PbSe and Pb 12xSnxSe on Si „100…
H. K. Sachar,a) I. Chao, P. J. McCann,b) and X. M. Fang
School of Electrical and Computer Engineering and Laboratory for Electronic Properties of Materials,
University of Oklahoma, Norman, Oklahoma 73019

~Received 11 September 1998; accepted for publication 2 February 1999!

PbSe and Pb12xSnxSe layers, with thicknesses ranging from 1 to 5mm, were grown by liquid phase
epitaxy on Si~100! substrates using PbSe/BaF2/CaF2 buffer layers grown by molecular beam
epitaxy. Optical Nomarski characterization revealed excellent surface morphologies and good
growth solution wipeoffs. Although most PbSe layers were free of cracks over the entire 8
38 mm2 substrate area, ternary Pb12xSnxSe layers exhibited varying crack densities ranging from
zero in the center of samples to over 30 cracks/cm at the edges. High resolution x-ray diffraction
~HRXRD! measurements of crack-free PbSe layers showed a residual in-plane tensile strain of
0.21% indicating that most of the 0.74% thermal expansion mismatch strain was absorbed by plastic
deformation. HRXRD full width half maxima values of less than 200 arc sec showed that these
layers also had high crystalline quality. Fourier transform infrared transmission measurements at
room temperature and 110 K showed absorption edges in the range of 270–80 meV, depending on
temperature and tin content. This work shows that these materials should be suitable for fabrication
of mid-infrared devices covering the 4.6–16mm spectral range. ©1999 American Institute of
Physics.@S0021-8979~99!00510-1#
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I. INTRODUCTION

The study of IV–VI semiconductors such as PbSe a
Pb12xSnxSe has been motivated by their use as mid-infra
laser materials. Growth of these materials on Si substrate
advantageous because silicon substrates are available in
dimensions and are considerably less expensive than con
tionally used IV–VI substrates. High quality layers of PbS
PbTe, and Pb12xSnxSe have been grown heteroepitaxially
Si ~111! substrates using group IIa fluoride insulators
buffer layers.1–3 The growth of these IV–VI layers on S
~111! substrates has allowed fabrication of monolithic infr
red detector arrays in which infrared detection is perform
in the IV–VI semiconductor layer and signal processing c
be performed in the Si wafer. Device fabrication requi
ments for IV–VI lasers, however, favor growth on~100!-
oriented substrates since IV–VI materials cleave prefer
tially along their $100% planes and this allows formation o
in-plane cleaved Fabry–Perot cavities. If IV–VI materia
are grown on~100!-oriented Si substrates cleavage proble
persist due to the tendency of Si to cleave along the$111%
planes, but this problem can be solved by lifting off t
IV–VI epilayer from the Si substrate through selective etc
ing of a molecular beam epitaxially~MBE! grown BaF2
buffer layer.4 With a minimum of thermally resistive IV–VI
materials, IV–VI lasers fabricated in this manner shou
have continuous wave operating temperatures greater
260 K, within the range of thermoelectric cooling module5

The large thermal expansion coefficient mismatch
tween IV–VI semiconductors and silicon results in sign
cant tensile strain when structures are cooled follow

a!Present address: Micron Technologies, Inc., Boise, ID.
b!Electronic mail: pmccann@ou.edu
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growth at high temperatures. MBE growth of PbSe on
~100! at 280 °C on BaF2/CaF2 buffer layers results in high
crack density because of this strain.6 Interestingly, crack-free
layers of PbSe can be obtained by liquid phase epitaxy~LPE!
growth on the MBE-grown structures.7 These layers were
free of cracks and metal inclusions over an 838 mm2 area
and exhibited excellent growth solution wipeoff with no me
adhesions. Growth of crack-free PbSe layers on Si~100! by
LPE is especially remarkable considering the fact that L
growth temperatures are almost 200° higher than M
growth temperatures and are thus subject to much more t
mal strain. Ternary Pb12xSnxSe has a smaller band gap an
larger refractive index than PbSe, so it can be used as
active layer in heterostructure lasers. In this study, LPE
periments have been extended to Pb12xSnxSe growth on Si
~100! substrates using similar MBE-grown PbSe/BaF2/CaF2

buffer layers as the earlier work.

II. EXPERIMENTAL PROCEDURE

PbSe and Pb12xSnxSe layers were grown by LPE from
Pb-rich (Pb12xl

Snxl
)12zSez liquid solutions on PbSe

BaF2/CaF2/Si ~100! structures prepared by MBE. The MB
growth procedures for the buffer layer structures are
scribed by Streckeret al.7 LPE growth employed liquid so-
lutions prepared by combining weighed amounts of P
PbSe, and Sn according to relations derived from the m
lecular weights of the respective constituents. Based on
viously published phase equilibria data fo
(Pb12xl

Snxl
)12zSez ,8 the selenium concentration,z, was

chosen to be 0.25 at. % giving a nucleation temperature
about 470 °C for growth of a Pb0.95Sn0.05Se layer. Tin con-
centrations,xl , in the liquid growth solutions for differen
ternary layers were equal to 3%, 5%, 6%, 7%, 9%, 10%,
8 © 1999 American Institute of Physics
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15%. The melt constituents were loaded into one of the w
of a graphite boat, and the temperature of the furnace
increased to 650 °C and maintained for about 1 h to allow
growth solution homogenization. The furnace temperat
was then reduced to about 30° above the expected nucle
temperature. The melt surface was observed with an op
microscope while reducing the furnace temperature at a
of 2 °C/min. The temperature at which nucleation was o
served on the melt surface was recorded. The furnace
then cooled back to room temperature and the silicon s
strate with the MBE-grown PbSe/BaF2/CaF2 buffer layer
was placed in the recess provided on the graphite slider.
furnace temperature was kept below 500 °C in order to m
mize the thermal stress to which the MBE-grown PbSe la
was subjected. A controlled cooling ramp of 2 °C/min w
initiated and the graphite slider was pulled to position
substrate under the growth solution well at about 2°–
above the measured nucleation temperature. After 80
cooling, the slider was pulled to position the substrate aw
from the melt thereby terminating growth.

Optical Nomarski microscopy was used to study the s
faces of the LPE-grown PbSe and Pb12xSnxSe layers. De-
fects including metal inclusions and cracks in the IV–

FIG. 1. Nucleation temperature vs percentage tin
(Pb12xl

Snxl
)0.9975Se0.0025 solutions. Liquid phase epitaxy was used to gro

pseudobinary Pb12xSnxSe layers on Si~100! substrates from these solution
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semiconductor layers were easily observable in areas m
suring 1.0130.76 mm2. Layer thicknesses were measur
using a Tencor step scan profiler. Lattice parameters
crystalline quality of the layers were measured using a P
ips Materials Research high resolution x-ray diffracti
~HRXRD! system with a four-bounce monochrometer. Infr
red transmission through the PbSe and PbxSnxSe layers at
room temperature and at liquid nitrogen-cooled temperatu
was measured using a vacuum bench Bruker IR/98 Fou
transform infrared~FTIR! spectrometer equipped with
Hg12xCdxTe detector having a peak detectivity of 16mm.

III. RESULTS AND DISCUSSION

Figure 1 shows a plot of measured nucleation tempe
tures for (Pb12xl

Snxl
)12zSez growth solutions versus per

centage tin,xl , in the liquid growth solution. As eviden
from the plot, the nucleation temperature decreases as
percentage tin increases. This is consistent with the eute
nature of the Pb–Sn–Se phase diagram for mixtures nea
Pb corner. Figure 2 shows a plot of thickness of the LP

FIG. 2. Thicknesses of LPE-grown layers vs percentage tin in the liq
growth solution for 40 min of growth during cooling from about 470
390 °C. Thicknesses of ternary Pb12xSnxSe layers are almost twice that o
binary PbSe layers. The percentage Se,z, for the PbSe layers was 0.20%
while z for the ternary layers was 0.25%. Thicknesses from two differ
samples are shown for ternary layers with 5%, 6%, 7%, and 10% tin in
liquid growth solution. The error bars indicate the range in thickness va
obtained for different step profile scans.
of the
TABLE I. MBE layer thicknesses, LPE layer compositions and thicknesses, and surface morphologies
structures grown for this study.

Sample No.

MBE layer thicknesses Pb12xSnxSe LPE layers

CaF2

~mm!
BaF2

~mm!
PbSe
~mm!

Tin, x
~%!

Thickness
~mm! Surface

W113-H9 0.02 0.47 0.1 0.0 2.2 Crack-free
W113-H15 0.02 0.47 0.1 6.0 3.8 ^100& Cracks
W222-H12 0.04 0.47 2.2 5.0 4.7 ^100& Cracks
W222-H13 0.04 0.47 2.2 3.0 4.3 ^100& Cracks
W222-H14 0.04 0.47 2.2 7.0 4.7 ^100& Cracks
W222-H20 0.04 0.47 2.2 5.0 4.4 ^100& Cracks
W245-H17 0.06 0.90 0.8 10 4.5 Many cracks
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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grown layers versus percentage tin in the liquid growth
lution. The thicknesses of the ternary layers are almost tw
the thicknesses of binary PbSe layers grown for the sa
duration of 40 min~80° of cooling!. This could be due to
faster Se diffusion through the predominantly Pb–Sn liq
solution.

Table I lists the respective MBE-grown and LPE-grow
layer properties for each sample prepared for this study.
like binary PbSe layers grown by LPE on Si~100! substrates
using PbSe/BaF2/CaF2 buffer layers, Pb12xSnxSe layers
grown by LPE using similar buffer layer structures were n
crack free. Figure 3 shows a scanning electron micrograp
the growth surface of a LPE-grown Pb0.95Sn0.05Se layer. Two
parallel cracks along the@100# direction are observed in th
micrograph. The line density for cracks in this Pb0.95Sn0.05Se
layer varied from 0 to about 30 cracks/cm yielding an av
age line density of approximately 12 cracks/cm over a ty
cal distance of 7 mm. This value is still much lower than t
103 cm21 line density for cracks observed in MBE-grow
PbSe layers on Si~100!.7 The distribution of cracks over a 4
mm2 area is shown in Fig. 4. Note that a large area in
center of the sample is crack free, while the perimeter of
sample contains most of the cracks. A crack-free center
gion can be due to plastic deformation via movement

FIG. 3. Scanning electron micrograph showing the surface of a LPE-gr
Pb0.95Sn0.05Se layer~W222-H20!. Two parallel cracks along the@100# direc-
tion are observed in the micrograph.

FIG. 4. Distribution of cracks over a 42 mm2 area of a Pb0.95Sn0.05Se layer
~W222-H20!. Each bar indicates the number of cracks observed in an
measuring 1.0130.76 mm2.
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dislocations along the secondary^001&$110% glide system in
IV–VI compounds,9 while the cracks around the perimet
can be due to higher strain fields caused by entanglemen
these gliding dislocations.

A symmetric~004! V/2u HRXRD scan containing peak
for silicon and PbSe is shown in Fig. 5. These data were u
to calculate the residual strain in the LPE-grown PbSe lay
Residual strain in the growth direction,e' , is given by
(a'2a0)/a0 wherea' is the measured lattice parameter
the strained layer in the growth direction anda0 is the un-
strained lattice parameter, 6.126 Å. The lattice parame
normal to the substrate for a binary PbSe layer was de
mined by HRXRD to be 6.122 Å, yielding a compressi
strain value ofe'520.065%. Using the elastic constan
for PbSe,10 the tensile strain parallel to the substrate w
calculated to be 0.21%. If no plastic deformation were
lowed on cooling down from growth to room temperatur
the LPE-grown PbSe layers would be subject to an in-pl
tensile strain of 0.74%. This analysis shows that about 7
of the thermal expansion mismatch strain is absorbed
plastic deformation of the PbSe layer. In spite of such la
plastic deformation, the crystalline quality of the PbSe lay
is good as indicated by typical HRXRD full width ha
maxima~FWHM! values below 200 arc sec.

FTIR transmission spectra for a binary PbSe layer
tained at room temperature and low temperature~125 K! are
shown in Fig. 6. Absorption edges around 4.6 and 6.5mm,
respectively, are evident from the spectra. Figure 7 shows
FTIR transmission spectra for a Pb0.95Sn0.05Se layer obtained
at room temperature and low temperature~111 K!. Absorp-
tion edges around 5.6 and 9.2mm, respectively, are eviden
from these spectra. The room temperature and low temp
ture ~116 K! FTIR spectra for a Pb0.92Sn0.08Se layer grown
from a (Pb0.90Sn0.10!0.9975Se0.0025 solution are shown in Fig.
8. Absorption edges around 6.9 and 15.4mm, respectively,
are evident from these spectra. Note that all spectra s
below band gap Fabry–Perot interference fringes. Figure
a plot of absorption edge energies versus percentage t
the liquid growth solution for the Pb12xSnxSe layers shown

n

a

FIG. 5. Symmetric~004! omega/2-theta scan for a LPE-grown PbSe lay
~W113-H9! showing a PbSe peak along with a Si peak and their respec
FWHM values.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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in Figs. 6–8 as well as the other Pb12xSnxSe layers grown
for this study. These FTIR absorption edge data, which co
the 4.6–16mm spectral range for tin contents of 0%–10%
respectively, agree very well with emission energy data
IV–VI lasers fabricated from Pb12xSnxSe alloys having
similar compositions.11

Figure 10 shows room temperature FTIR transmiss
data for PbSe and Pb0.95Sn0.05Se layers before and after cryo
genic temperature cycling down to about 110 K. Both ma

FIG. 6. FTIR transmission spectra for a binary PbSe layer~W113-H9! at
room temperature and 125 K.

FIG. 7. FTIR transmission spectra for a Pb0.95Sn0.05Se layer~W222-H12!
grown from a ~Pb0.95Sn0.05!0.9975Se0.0025 solution at room temperature an
111 K. Note the shift of absorption edges to lower energies and the m
closely spaced Fabry–Perot interference fringes, indicating a thicker la
as compared to the data in Fig. 6.
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rials show absorption edge shifts to lower energies of ab
50 and 160 cm21, respectively. These shifts are most ce
tainly caused by relaxation of residual strain associated w
crack formation due to the thermal stress at cryoge
temperatures.7 HRXRD measurements of these cracked Pb
layers, in fact, yield a lattice parameter of 6.126 Å, showi
complete relaxation of as-grown tensile strain. These m
surements also showed an increased FWHM value of 238
sec indicating that the thermal expansion mismatch strai
110 K caused crystalline quality degradation. Using the
lationship between change in strain and change in band
energy for~100!-oriented PbTe layers derived from elast
moduli and deformation potential values,12

re
r,

FIG. 8. FTIR transmission spectra for a Pb0.92Sn0.08Se layer~W245-H17!
grown from a ~Pb0.90Sn0.10!0.9975Se0.0025 solution at room temperature an
116 K. Note again the additional shift of absorption edges to lower energ

FIG. 9. Absorption edge energy vs percentage tin for Pb12xSnxSe layers
with 0%, 3%, 5%, 6%, 7%, and 10% tin in the liquid growth solution. T
percentage tin in the solid layer, obtained from previously measured p
equilibria data~see Ref. 8!, is indicated on the top scale.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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De i50.312DEg~eV!, ~1!

a change in strain of 0.19% for the 6.2 meV~50 cm21! ab-
sorption edge shift for PbSe is obtained.~Reliable deforma-
tion potential values for PbSe could not be found, so
expression for PbTe is used here.! This value is in excellent
agreement with the 0.21% value obtained from HRXR
measurements.

Using Eq.~1! and assuming that additional crack form
tion due to cryogenic cycling causes complete strain re
ation, an as-grown strain of 0.62% is obtained for t
Pb0.95Sn0.05Se layer, which exhibits a 19.9 meV~160 cm21!
absorption edge shift. This strain is 33 larger than the as
grown residual strain in PbSe and within 84% of the str
value if no plastic deformation occurred. With only abo
16% of the thermal expansion mismatch strain being
sorbed by plastic deformation, it is reasonable to exp
crack formation to become an additional strain relief mec
nism in the Pb0.95Sn0.05Se layer. Greater Pb12xSnxSe layer
thickness, 4.7 versus 2.2mm for a crack-free PbSe laye
grown on the same MBE-grown buffer layer structure, co
be the cause of cracking in these ternary alloy layers. H
ever, the much larger strain experienced by the Pb0.95Sn0.05Se
layer, which includes the strain relieved by cracking plus
33 larger residual strain, suggests that there is a signific
solid solution hardening effect in Pb12xSnxSe ternary alloys.
Figure 11 is a plot of calculated refractive indices vers
energy at room temperature for Pb12xSnxSe layers grown
with 3%, 5%, and 10% tin in the growth solution. These d
were obtained from FTIR transmission measurements u
the relation13

FIG. 10. Room temperature FTIR transmission spectra for a PbSe a
Pb0.95Sn0.05Se layer before~dotted lines! and after~solid lines! cryogenic
cooling to;110 K. Thermal expansion mismatch at low temperature cau
the layers to crack, thereby relieving the residual as-grown epitaxial la
strain. The solid lines represent the transmission spectra for unstrained
ers, while the dotted lines represent transmission spectra for the as-g
strained layers. Note the much larger absorption edge shift for the ter
Pb0.95Sn0.05Se layer indicating a larger as-grown strain.
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whereDn is the spacing between Fabry–Perot interferen
fringes andt is the thickness of the LPE-grown layer plus th
thickness of the MBE-grown PbSe layer. This method,
though somewhat imprecise because a constant index o
fraction is assumed throughout the composite LPE/M
Pb12xSnxSe/PbSe structure, yields refractive index valu
within 10% of values published for bulk Pb12xSnxSe alloys
with similar compositions.14 As expected, and as required fo
heterostructure laser design, layers with higher tin cont
i.e., smaller band gap, have larger refractive indices. Th
data also show the expected increase in refractive index
ues as photon energy approaches the band gap energ
addition, room temperature refractive index values did
change significantly with epitaxial layer strain relaxatio
This can be seen in the FTIR transmission spectrum for
Pb0.95Sn0.05Se layer in Fig. 10, which shows a significa
change in absorption edge, but no change in Fabry–P
interference fringe spacing. So although strain can caus
significant band gap energy shift, it does not cause a ref
tive index shift.

IV. CONCLUSIONS

PbSe and Pb12xSnxSe layers exhibiting smooth surfac
morphologies and complete growth solution wipeoffs we
grown by LPE on Si~100! substrates using MBE-grown
PbSe/BaF2/CaF2 buffer layer structures. Binary PbSe laye
were crack free and exhibited good crystallinity wi
HRXRD FWHM values below 200 arc sec. While terna
PbxSnxSe layers were not entirely crack free, large regions
the center of the samples were, and this may allow use
these LPE-grown materials for device fabrication. FT
transmission spectra at room temperature and 110 K sho
absorption edges in the range of 270–80 meV, depending

a

s
er
y-

wn
ry

FIG. 11. Room temperature index of refraction data for Pb12xSnxSe layers
grown form liquid solutions having 3%, 5%, and 10% tin. These data
calculated from FTIR transmission Fabry–Perot interference fringe spa
and measured epitaxial layer thicknesses.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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temperature and tin content, suggesting that these mate
should be suitable for fabrication of mid-infrared devic
covering the 4.6–16mm spectral range. Residual strain va
ues for as-grown binary PbSe layers were in the range
0.2% as determined by both HRXRD lattice parameter a
FTIR absorption edge shift measurements. The FTIR de
mined strain value for an as-grown Pb0.95Sn0.05Se layer was
in the range of 0.6%. This 33 larger value indicates tha
alloying with tin causes a solid solution hardening effect
ternary Pb12xSnxSe layers. Refractive index values fo
Pb12xSnxSe layers were also obtained from FTIR transm
sion spectra, and no change was observed with relaxatio
as-grown strain.
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