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Growth and characterization of PbSe and Pb  ;_,Sn,Se on Si (100)
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PbSe and Ph ,Sn Se layers, with thicknesses ranging from 1 tarh, were grown by liquid phase
epitaxy on Si(100) substrates using PbSe/Bd€EaF, 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
x 8 mn? substrate area, ternary PRSnSe 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—18n spectral range. €999 American Institute of
Physics[S0021-89789)00510-1

I. INTRODUCTION growth at high temperatures. MBE growth of PbSe on Si
(100 at 280 °C on Baf/CaF, buffer layers results in high
The study of IV-VI semiconductors such as PbSe anctrack density because of this strdimterestingly, crack-free
Pb,_,SnSe has been motivated by their use as mid-infraredayers of PbSe can be obtained by liquid phase epithR§)
laser materials. Growth of these materials on Si substrates growth on the MBE-grown structurésThese layers were
advantageous because silicon substrates are available in larfgee of cracks and metal inclusions over ar 8 mn? area
dimensions and are considerably less expensive than conveand exhibited excellent growth solution wipeoff with no melt
tionally used IV-VI substrates. High quality layers of PbSe,adhesions. Growth of crack-free PbSe layers ofil80) by
PbTe, and Pp_,Sn Se have been grown heteroepitaxially on LPE is especially remarkable considering the fact that LPE
Si (111) substrates using group lla fluoride insulators asgrowth temperatures are almost 200° higher than MBE
buffer layers:=3 The growth of these IV-VI layers on Si growth temperatures and are thus subject to much more ther-
(111) substrates has allowed fabrication of monolithic infra-mal strain. Ternary Ph ,SnSe has a smaller band gap and
red detector arrays in which infrared detection is performedarger refractive index than PbSe, so it can be used as the
in the IV=VI semiconductor layer and signal processing carfctive layer in heterostructure lasers. In this study, LPE ex-
be performed in the Si wafer. Device fabrication require-periments have been extended to BlSnSe growth on Si
ments for IV-VI lasers, however, favor growth ¢h00- (100 substrates using similar MBE-grown PbSe/B&FaF,
oriented substrates since IV-VI materials cleave preferenbuffer layers as the earlier work.
tially along their{100 planes and this allows formation of
in-plane cleaved Fabry—Perpt cavities. If IV=VI materials“_ EXPERIMENTAL PROCEDURE
are grown on(100)-oriented Si substrates cleavage problems
persist due to the tendency of Si to cleave along{tHEl} PbSe and Ph,SnSe layers were grown by LPE from
planes, but this problem can be solved by lifting off thePb-rich  (Ph_,Sry);-,Se liquid solutions on PbSe/
IV=VI epilayer from the Si substrate through selective etch-BaF,/CaR/Si (100 structures prepared by MBE. The MBE
ing of a molecular beam epitaxially/MBE) grown Bak  growth procedures for the buffer layer structures are de-
buffer layer? With a minimum of thermally resistive IV-VI scribed by Streckeet al” LPE growth employed liquid so-
materials, IV-VI lasers fabricated in this manner shouldlutions prepared by combining weighed amounts of Pb,
have continuous wave operating temperatures greater th&bSe, and Sn according to relations derived from the mo-
260 K, within the range of thermoelectric cooling modules. lecular weights of the respective constituents. Based on pre-
The large thermal expansion coefficient mismatch beviously  published phase equilibria data for
tween IV-VI semiconductors and silicon results in signifi-(Pbl_X|Sr1(|)1_ZSeZ,8 the selenium concentratiorg, was
cant tensile strain when structures are cooled followingchosen to be 0.25 at. % giving a nucleation temperature of
about 470 °C for growth of a BRsSn, gsS€e layer. Tin con-
apresent address: Micron Technologies, Inc., Boise, ID. centrationsx;, in the liquid growth solutions for different
BElectronic mail: pmccann@ou.edu ternary layers were equal to 3%, 5%, 6%, 7%, 9%, 10%, and
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FIG. 2. Thicknesses of LPE-grown layers vs percentage tin in the liquid

FIG. 1. Nucleation temperature vs percentage tin  in growth solution for 40 min of growth during cooling from about 470 to

(Pby_ SN ) 0007656 0025 SOlUtioNs. Liquid phase epitaxy was used to grow 390 °C. Thicknesses of ternary PhSnSe layers are almost twice that of

seudé)binlar Ph ,SnSe layers on Sj100) substrates from these solutions binary PbSe layers. The percentage Zdor the PbSe layers was 0.20%,

P Y T 4 " while z for the ternary layers was 0.25%. Thicknesses from two different
samples are shown for ternary layers with 5%, 6%, 7%, and 10% tin in the
liquid growth solution. The error bars indicate the range in thickness values

15%. The melt constituents were loaded into one of the wel|§Ptained for different step profile scans.

of a graphite boat, and the temperature of the furnace was

increased to 650 °C and maintained for abaih to allow  gomiconductor layers were easily observable in areas mea-
growth solution homogenization. The furnace temperaturesuring 1.0X0.76 mnf. Layer thicknesses were measured
was then reduced to about 30° above the expected nucleatioiing” 4 Tencor step scan profiler. Lattice parameters and
temperature. The melt surface was observed with an opticghy qtajiine quality of the layers were measured using a Phil-
microscope while reducing the f“maf:e tempera_ture ata ratl‘f)s Materials Research high resolution x-ray diffraction
of 2°C/min. The temperature at which nucleation was Ob'(HRXRD) system with a four-bounce monochrometer. Infra-

served on the melt surface was recorded. The furnace W38 transmission through the PbSe and3Se layers at
then cooled back to room temperature and the silicon suby, oy temperature and at liquid nitrogen-cooled temperatures

strate with the MBE-grown PbSe/Baf€aF, buffer layer .5 measured using a vacuum bench Bruker IR/98 Fourier

was placed in the recess provided on the graphite slider. Thﬁansform infrared (FTIR) spectrometer equipped with a

fu_rnace temperature was kept. below 500 °C in order to min'Hgl,XCdee detector having a peak detectivity of ifn.
mize the thermal stress to which the MBE-grown PbSe layer

was subjected. A contr_olled_cooling ramp of 2°C/r_n_in Was||| RESULTS AND DISCUSSION

initiated and the graphite slider was pulled to position the

substrate under the growth solution well at about 2°—3°  Figure 1 shows a plot of measured nucleation tempera-

above the measured nucleation temperature. After 80° dures for (PR_, Sn,);_,Se growth solutions versus per-

cooling, the slider was pulled to position the substrate awagentage tin,x;, in the liquid growth solution. As evident

from the melt thereby terminating growth. from the plot, the nucleation temperature decreases as the
Optical Nomarski microscopy was used to study the surpercentage tin increases. This is consistent with the eutectic

faces of the LPE-grown PbSe and;PkSnSe layers. De- nature of the Pb—Sn—Se phase diagram for mixtures near the

fects including metal inclusions and cracks in the IV-VI Pb corner. Figure 2 shows a plot of thickness of the LPE-

TABLE I. MBE layer thicknesses, LPE layer compositions and thicknesses, and surface morphologies of the
structures grown for this study.

MBE layer thicknesses Rb,SnSe LPE layers

Cak, BaF, PbSe Tin, x Thickness
Sample No. (em) (em) (em) (%) (um) 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
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FIG. 3. Scanning electron micrograph showing the surface of a LPE-grown 284 288 292 '’ 328 332 336

Phy 955y o55€ layenW222-H2Q. Two parallel cracks along tHa00] direc-

. ) . Omega/2Theta (degrees)
tion are observed in the micrograph.

FIG. 5. Symmetriq004) omega/2-theta scan for a LPE-grown PbSe layer
(W113-H9 showing a PbSe peak along with a Si peak and their respective
grown layers versus percentage tin in the liquid growth soFWHM values.
lution. The thicknesses of the ternary layers are almost twice
the thicknesses of binary PbSe layers grown for the samg. : . .
: . : ; islocations along the second 110} glide system in
duration of 40 min(80° of cooling. This could be due to 9 40D{119 g y

e . - IV=VI compounds’ while the cracks around the perimeter
f:cl)shtﬁiroﬁe diffusion through the predominantly Pb—Sn IIquIdcan be due to higher strain fields caused by entanglement of
o . these gliding dislocations.

Table | I|§ts the respective MBE-grown and LPE-grown = symmetric(004) /26 HRXRD scan containing peaks
Igyer 'propert|es for each sample prepared for this study. Unf'or silicon and PbSe is shown in Fig. 5. These data were used
I|kg blngLySP;)BS © Igyersgr?fwn Iby LPE ?Dn (320) ;uthrates to calculate the residual strain in the LPE-grown PbSe layers.
using € aﬂ_ an_ utier 1ayers, b-.SnSe layers Residual strain in the growth directior, , is given by
grown by LP_E using similar buffer I_ayer structure_s were not | —ag)/a, wherea, is the measured lattice parameter of
crack free. Figure 3 shows a scanning electron micrograph She strained layer in the growth direction aagis the un-
the growth surface ofaLPE—gr_own_EggSrb,()sSe layer. .TWO strained lattice parameter, 6.126 A. The lattice parameter
pa}rallel cracks alqng thEélQO] direction are opserved in the normal to the substrate for a binary PbSe layer was deter-
mlcrograph. The line density for cracks in th|§0135$rb_058e mined by HRXRD to be 6.122 A, yielding a compressive
layer varied from 0 to about 30 cracks/cm yielding an AVl sirain value ofe, = —0.065%. Using the elastic constants

age line density of approximately 12 cracks/cm over a typl'for PbSe'? the tensile strain parallel to the substrate was
cal distance of 7 mm. This value is still much lower than the '

; . . lcul .21%. If no plasti formation were al-
10°cm ! line density for cracks observed in MBE-grown calculated to be 0 0 0 plastic deformation were a

o lowed on cooling down from growth to room temperature,
;
PbSe layers on $1L00)." The distribution of cracks over a 42 the LPE-grown PbSe layers would be subject to an in-plane

mn? area is shown in Fig. 4. Note that a large area in thetensile strain of 0.74%. This analysis shows that about 72%

center of the sample is crack free, while the perimeter of the(-)f the thermal expansion mismatch strain is absorbed by
sample contains most of the cracks. A crack-free center re-

. be due to plastic def i X i 1plastic deformation of the PbSe layer. In spite of such large
gion can be due to plastic deformation via movemen opIastic deformation, the crystalline quality of the PbSe layer

is good as indicated by typical HRXRD full width half
maxima(FWHM) values below 200 arc sec.

FTIR transmission spectra for a binary PbSe layer ob-
tained at room temperature and low temperati&s K) are
shown in Fig. 6. Absorption edges around 4.6 and /o5,
respectively, are evident from the spectra. Figure 7 shows the
FTIR transmission spectra for a §£2§3Sn, gsSe layer obtained
at room temperature and low temperat(td1 K). Absorp-
tion edges around 5.6 and 9.2n, respectively, are evident
from these spectra. The room temperature and low tempera-
Distance ture (116 K) FTIR spectra for a Rjy,Sn, gsS€e layer grown

(mm) TN - ‘ > ' from a (PR 9¢SM.100.997558) 0025 Solution are shown in Fig.
2 i ' 8. Absorption edges around 6.9 and 1, respectively,

Distance (mm) are evident from these spectra. Note that all spectra show

FIG. 4. Distribution of cracks over a 42 nfrarea of a Pfg:Sn osSe layer below band gap Fabry—Perot interference fringes. Figure 9 is

(W222-H20. Each bar indicates the number of cracks observed in an are& pIc_>t O_f absorption que energies versus percentage tin in
measuring 1.0%0.76 mn¥. the liquid growth solution for the Rb,SnSe layers shown

Number of Cracks
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FIG. 6. FTIR transmission spectra for a binary PbSe ldy8t13-H9 at FIG. 8. FTIR transmission spectra for aggtbm ggSe layer(W245-H17

grown from a(Phy oSNy 100.997556) 0025 SOlUtion at room temperature and
room temperature and 125 K. 116 K. Note again the additional shift of absorption edges to lower energies.

in Figs. 6-8 as well as the other _PJQSr;(Se layers grown - ials show absorption edge shifts to lower energies of about
for this study. These FTIR absorption edge data, which COVeEH and 160 crit respectively. These shifts are most cer-

the 4'6,_16"”“ spectral range fgr tin c'on.tents of 0%-10%, tainly caused by relaxation of residual strain associated with
respectively, agree very well with emission energy data for(:rack formation due to the thermal stress at cryogenic

IV-VI lasers fabricated from Rb,SnSe alloys having temperature$ HRXRD measurements of these cracked PbSe

S'm"?‘r compositions: . layers, in fact, yield a lattice parameter of 6.126 A, showing
Figure 10 shows room temperature FTIR transmISSIorIzomplete relaxation of as-grown tensile strain. These mea-

dat&_l for PbSe and B-B5S_rb-05se layers before and after cryo- g rements also showed an increased FWHM value of 238 arc

genic temperature cycling down to about 110 K. Both mategec indicating that the thermal expansion mismatch strain at

110 K caused crystalline quality degradation. Using the re-

Wavelength (microns) lationship between change in strain and change in band gap
1098 7 6 5 ‘ energy for(100-oriented PbTe layers derived from elastic
moduli and deformation potential valu&s,
- Tin Concentration in layer, xg (%)
_ 0 2 345 6 7 8 9
= 280 T 2200
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FIG. 7. FTIR transmission spectra for a Bk, osSe layer(W222-H12

grown from a(Phy g55M 090.997:58) 0025 Solution at room temperature and FIG. 9. Absorption edge energy vs percentage tin fof R8BnSe layers

111 K. Note the shift of absorption edges to lower energies and the moraith 0%, 3%, 5%, 6%, 7%, and 10% tin in the liquid growth solution. The
closely spaced Fabry—Perot interference fringes, indicating a thicker layepercentage tin in the solid layer, obtained from previously measured phase
as compared to the data in Fig. 6. equilibria data(see Ref. § is indicated on the top scale.
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grown form liquid solutions having 3%, 5%, and 10% tin. These data are

FIG. 10. Room temperature FTIR transmission spectra for a PbSe and %alculated from FTIR_transmissipn Fabry—Perot interference fringe spacing
Phy 0:SM sSe layer beforgdotted lines and after(solid lineg cryogenic ~ @nd measured epitaxial layer thicknesses.
cooling to~110 K. Thermal expansion mismatch at low temperature causes

the layers to crack, thereby relieving the residual as-grown epitaxial layer

strain. The solid lines represent the transmission spectra for unstrained lay- 1

ers, while the dotted lines represent transmission spectra for the as-grown N= A_'

strained layers. Note the much larger absorption edge shift for the ternary 2Ant

Phyg55m.055€ layer indicating a larger as-grown strain. where Av is the spacing between Fabry—Perot interference
fringes and is the thickness of the LPE-grown layer plus the
thickness of the MBE-grown PbSe layer. This method, al-

Aeg=0.312AEg(eV), (1)  though somewhat imprecise because a constant index of re-
fraction is assumed throughout the composite LPE/MBE

a change in strain of 0.19% for the 6.2 més80 cm %) ab- : PEST

sorption edge shift for PbSe is obtaingReliable deforma- P_bl,_xSr;(Se/PbSe structure, yields refractive index values
tion potential values for PbSe could not be found, so thew!thm_lo% of value_s_ putihshed for bulk pbSnSe a_lloys
expression for PbTe is used herghis value is in excellent with similar compositions? As expected, and as required for

agreement with the 0.21% value obtained from HRXRD.heerStrUCture laser design, layers with h|gh_er .t|n content,
measurements. i.e., smaller band gap, have I_arger ref_ractlve |n_d|c<_as. These

Using Eq.(1) and assuming that additional crack forma- data aISOhShtOW the expected mcr:eastim tr)efr({;\cnve index vaII—
tion due to cryogenic cycling causes complete strain relaxJ€S as photon energy approaches the band gap energy. in

ation, an as-grown strain of 0.62% is obtained for theaddition, room temperature refractive index values did not
Pl ,Srb Se layer, which exhibit.s a 19.9 me\60 cmi ) change significantly with epitaxial layer strain relaxation.
abé?JSrptibor? edge sr,1ift. This strain i9<3la.rger than the as- This can be seen in the FTIR transmission spectrum for the

grown residual strain in PbSe and within 84% of the strainptb-%srb-0589 layer in Fig. 10, which shows a significant

value if no plastic deformation occurred. With only about _change in absorption edge, but no change in Fabry—Perot

16% of the thermal expansion mismatch strain being ab|_nterference fringe spacing. So although strain can cause a

sorbed by plastic deformation, it is reasonable to expecfigniﬁc"Jlnt band gap energy shift, it does not cause a refrac-

crack formation to become an additional strain relief mecha:['ve index shift.

nism in the PRhgsSny osSe layer. Greater Rb,SnSe layer V. CONCLUSIONS

thickness, 4.7 versus 2.2m for a crack-free PbSe layer

grown on the same MBE-grown buffer layer structure, could  PbSe and Ph,SnSe layers exhibiting smooth surface
be the cause of cracking in these ternary alloy layers. Howmorphologies and complete growth solution wipeoffs were
ever, the much larger strain experienced by thg,B8, osSe  grown by LPE on Si(100) substrates using MBE-grown
layer, which includes the strain relieved by cracking plus thePbSe/Bak/CaF, buffer layer structures. Binary PbSe layers
3X larger residual strain, suggests that there is a significanwere crack free and exhibited good crystallinity with
solid solution hardening effect in Pb,Sn Se ternary alloys. HRXRD FWHM values below 200 arc sec. While ternary
Figure 11 is a plot of calculated refractive indices versusPh,Sn Se layers were not entirely crack free, large regions in
energy at room temperature for PRSnSe layers grown the center of the samples were, and this may allow use of
with 3%, 5%, and 10% tin in the growth solution. These datahese LPE-grown materials for device fabrication. FTIR
were obtained from FTIR transmission measurements usingansmission spectra at room temperature and 110 K showed
the relatior® absorption edges in the range of 270—-80 meV, depending on

@)
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