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We report results on the incorporation of @i type) and Tl (p-type) impurity in PbSe and PbEuSe
grown on Cak/Si(111) by molecular beam epitaxy. Be, and ThbSe were used as sources of
dopants in the growth. Electron concentrations in the low tén 3 range and hole concentrations

in the middle 18® cm™3 range have been realized in the PbSe and PbEuSe layers with Eu content
up to 3%. Electron and hole mobilities are comparable to those for PbSe and PbEuSe grown on
BaF,. © 1998 American Vacuum Sociefs0734-211X98)09503-]

I. INTRODUCTION to incorporate well in PbTe and PbSe under MBE growth
conditions®® In this work, we report results on the incorpo-
PbEuSe as an midinfrared material has recently beeption of B,Se, and ThSe in PbSe and PbEuSe grown on
grown on PbSe substrates by molecular beam epitaxgaF,/Si(111). Our results indicate that the use of Bi and TI
(MBE)." The small lattice mismatch between PbEuSe andtompounds helps maintain crystal stoichiometry. Electron
PbSe and the rapid increase in the bandgap of PbEuSe wifbncentrations in the low 3®cm 3 range and hole concen-
increasing Eu content make PbEuSe/PbSe heterostructurgations in the middle 1§ cm~2 range have been realized in
useful for infrared devices. Diode lasers operating in thePbSe and PbEuSe with Eu content up to 3%. These carrier
range of 3—8um have recently been fabricated in this mate-concentration levels that have been reached, are comparable
rial systen? High-quality epitaxial layers PbSe and PbEuSeto those used for making midinfrared diode laseBespite
can also be grown ofl11)-oriented Si when fluoride buffer the large thermal expansion mismatch between PbSe,
layers are used despite the large thermal expansion mismatétbEuSe, and Si, we show that the structural and electrical
between PbSe, PbEuSe, and®$iSuch heteroepitaxial properties of the PbSe and PbEuSe layers grown on
growth offers a number of benefits that can lead to fabricaCaF,/Si(111) are comparable to those for similar layers
tion of improved infrared devices such as photovoltaic infra-grown on Bak substrates.
red sensor arrays.
In most of recent work on the growth of lead salt on Si,
bothn- andp-type carrier concentrations were controlled by Il. MBE GROWTH PROCEDURES
adjusting the crystal stoichiometfySince the resulting va- The growth of PbSe and PbEuSe on G/(111) was
cancies have large diffusion coefficients, it is difficult to con-carried out in an Intevac Modular GEN Il MBE system.
trol p-n junction position with high precisiohThe vacancy Three-in-diam p*-type (0.005-0.025Q cm) and n*-type
concentrations, in the low ¥cm™ and 167 cm™3 ranges  (0.001-0.00402 cm) Si wafers with offcut angles less than
for n- andp-type layers, respectively, are also relatively low 0.3° were cleaned using a modified Shiraki method followed
for making light-emitting devices based on current injection.by dipping in a HF solution. By adding this dipping step, we
Recent work on the growth of PbSe and PbEuSe on PbSeave been able to reduce the Si thermal cleaning temperature
substrates has used elemental Ag and Bipasan n-type by more than 300 °C so that unwanted reactions between Se
dopants, respectivefy? Compared to TI, another widely and Si or Ca were avoid€dSi wafers were outgassed in the
used p-type dopant in lead salt, Ag has a relatively largebuffer chamber at 200 °C for one hour before loaded into the
diffusion coefficient but it produces a less deep acceptogrowth chamber.
level for high-energy bandgap alloys thus reducing low- CaF, growth was accomplished by heating high-purity
temperature freeze out of holé3] and Bi have been shown polycrystalline Cak in a dual zone effusion cell held at
1280 °C. This cell temperature produces a beam equivalent
dCorresponding author; electronic mail: fang@phyast.nhn.ou.edu pressure(BEP) for CaF, of 6.4x10 8 Torr and a growth
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rate of 0.007 ML/s calibrated from reflection high-energy 240
electron diffraction (RHEED) intensity oscillation ex- ® Bi,Seydaped PbSe
. A Bi,Se;-doped PbEuSe, 1% Eu A
periments. All CaF, layers were grown on thermally 200 | A TiSe-doped PbEUSe, 1% Eu
cleaned Sil11) at 700 °C. For Hall effect measurements, the 4 Undoped PbEuSe, 1 %
thickness of Caflayers was controlled in the range of 5—40 e
nm to provide good electrical isolation from the low resistiv- 200 4
ity substrate. 3 A
PbSe growth was accomplished by heating bulk PbSeina § 180 ® A A A
low-temperature effusion cell. The effusion cell temperature 2
was adjusted in the range of 635—-710 °C to give a BEP of & & A
1.3x10 ® Torr and a growth rate of 0.gm/h. For doping 160 °
study, a 0.15um undoped PbSe buffer layer was grown on
C_aFZ/Si(lll) at 310 °C followed by growing a 2.Zum 140 o
Bi,Se-doped PbSe and a 0.16m undoped PbSe cap layer o ® )
at 280 °C.
PbEuSe growth was accomplished by evaporating the 120 4= —— e
107 1018 101

bulk PbSe and elemental Eu from low-temperature effusion
cells. Eu content is controlled by adjusting Eu flux rate. In
this study, two Eu flux rates, 1% and 3% of that of PbSer 1. variation of the full width at half maximum of the Bragg33
were used. To study the structural and electrical properties a&flection for the BjSe;-doped PbSe, BSer- and ThSe-doped PbEuSE lay-
PbEuSe, a 2.2um Bi,Se;- or Tl,Se-doped PbEuSe layer and ers grown on CaffSi(111).
a 0.15 um undoped PbSe cap layer were grown on
CaF,/Si(111) at 280 °C. Both BiSe; and TLSe were evapo-
rated from fast dopant effusion cells with the BEPs in themaximum (FWHM) of the Bragg (333 reflection for the
range of 2.<10 °-2.2<107° Torr and 5.¢10'*-2.3 layers have been measured by HRXRD. The layer and Si
X 10 1°Torr, respectively. An additional Se source wassubstrate exhibit distinct periodic modulations of diffraction
used to control the stoichiometry of the layers and keep th@eak positions when the sample was rotated around its sur-
surface under Se rich condition. ABPI) valved cracker was face normal even though the offcut angle of the wafer is in
used to produce Se fluxes of 2.5% and 10% relative to PbS&e range of 0.1°-0.2°. The HRXRD data shows that the
flux for the growth of PbEuSe with 1% and 3% Eu, respec-offcut direction of the substrate and the tilt direction of the
tively. layer are parallel to each other in consistence with Nagai’'s
The structural properties of the layers were characterizethodef* in which the tilt is a consequence of the surface
using a Philips high resolution x-ray diffracticgfilRXRD)  steps and of the lattice mismatch. However, within the ex-
system with a four-crystal G2200 monochromator. The perimental uncertainty the tilts in all samples under investi-
electrical properties of the samples were determined by Haljation are some 40 arcsec and insensitive to the change in
effect measurement at 77 and 300 K. Fourier transform inthe offcut angle.
frared spectroscopy was used to investigate the shift of the Figure 1 shows the FWHM of x-ray rocking curve for the

PbEuSe absorption edge as a function of Eu content. Bi,Se-doped PbSe, Bbe- and TLSe-doped PbEuSe layers
grown on Cak/Si(111) as a function of the room-

temperature carrier concentration. It is seen from Fig. 1 that

lll. RESULTS AND DISCUSSION at relatively low concentrations, the FWHM for the PbSe

At the initial stage, the growth of PbSe and PbEuSe onrayers increases slowly with increasing concentration. A sig-
CaF,/Si(111) proceeds via a three-dimensional mode due tanificant increase in the FWHM occurs when the concentra-
the high interfacial energy between the overlayer and théion exceeds X 10 cm 3. After incorporated with 1% and
CaF,/Si(111) substrate. This is evidenced by the appearanc8% Eu, the layers show dramatic increases in the FWHM.
of spots on RHEED patterns. However, the RHEED patterng his is caused by the alloying effect associated with the Eu
gradually become streaky as the growth continues, indicatingqcorporation which may deteriorate the crystal quality. In-
that a smooth surface starts to recover. The structural qualitierestingly, the FWHM for the PbEuSe layers doped with
of the layers was confirmed by the_occurrence of a weal|,Se is much wider than those doped with 88 though all
(3% 3) surface reconstruction in tHel10] and [101] azi- the samples were grown under the same conditions except
muths and sharp Kikuchi lines during the growth. using different dopant sources. This is probably caused by

The surface of the layers looks mirror smooth. The crosasing Bi and Tl compounds rather than elements as sources
hatches running along the thr€¢gl0 directions are visible of dopants. Compared to ;Be, a Bj}Se; molecule contains
under a Nomarski optical microscope, indicating the thermaimore Se atoms which could help maintain the crystal
mismatch strain relief on cool down from the growth to room stoichiometry’ Although a separate Se source was used in
temperaturé® the growth, it is possible that there was insufficient Se for the

The tilts between PbSe, PbEuSe, and the crystallographitl,Se fluxes even though the Se flux is two orders of mag-
planes of Si111) substrate as well as the full width at half nitude higher than the J$e ones. Our preliminary results

CARRIER CONCENTRATION (cm™)
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Fic. 2. Variation of the electron concentration in the,$a-doped PbSe
layers as a function of the beam equivalent pressure s8eBi

show that Se deposited on a PbSe surface is rapidly desorb
at temperatures above 140-160 °C which is much lower tha

those for the growth of PbSe and PbEuSe. The effect of Se

adjusting the stoichiometry is also clearly seen from Fig. 1
by comparing the FWHM of the undoped PbSe with that of
the Bi,Se;-doped PbSe. No additional Se flux was applied in
both cases. The Bsg-doped PbSe shows improved crystal-
line quality at low and moderate concentrations as compare
with the undoped PbSe. That is probably because the Slﬁ
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Fic. 3. Variation of the carrier concentrations in the 8- and

Tl,Se-doped PbEuSe layers with 1% Eu as a function of the beam equiva-

lent pressures of Bte; and ThSe.
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Fic. 4. Variation of the mobility at 77 K as a function of the carrier con-
centration for the BiSe;-doped PbSe, BSe;- and ThSe-doped PbEuSe lay-
ers along with the mobility data for PbSe grown on BéRef. 1).

gSecies needed for maintaining the stoichiometry is supple-
ented by dissociation of Ebe; molecules as they arrive on
e surface.

Figures 2 and 3 show the variation of the carrier concen-
trations in the BjSe;-doped PbSe, Be;- and ThSe-doped
PbEuSe layers as a function of the BEPs gf3& and ThSe

ources. It is seen from Figs. 2 and 3 that both the room-
mperature and 77 K carrier concentrations increase with
creasing the BEPs, indicating that the incorporation of Bi
and Tl in PbSe and PbEuSe in the BEP range studied is near
unity. At high BEPs, i.e. ~2.2x10°° and ~2.3

X 10710 Torr for Bi,Se; and TLSe, respectively, no decline
in the carrier concentrations was observed, implying that
there was no discernible segregation o3& and TLSe in
the PbSe and PbEuSe layers. Pagtiml® observed a drop in
hole concentrations for PbTe at TI concentrations
>10°° cm2 which is much higher than the impurity concen-
trations reached in this work. As seen from Figs. 2 and 3, all
the samples exhibit weak low-temperature carrier freeze out
at low BEPs, implying that the Bi-donor level is below the
conduction band edge while the Tl-acceptor level is above
the valence band edge. At high BEPs, however, the low-
temperature carrier concentrations become larger than those
obtained at room temperature. This behavior has also been
observed for PbSrS and is probably a consequence of tem-

TasLE |. Thermal expansion coefficients and lattice constants of Si,,CaF
BaF,, and PbSe at room temperature.

Lattice constant Thermal expansion coefficient

Material R at 300 K (10°5/K)
Si 5.431 2.6

Cah 5.46 19.1

BaF, 6.20 19.8
PbSe 6.12 19.4
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PbSe and PbEuSe can be grown on £8K111) by MBE
30 and exhibit electrical properties similar to those for PbSe
grown on Bak.

Figure 5 shows a room temperature transmission spec-
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g ool o . PR 400-3800 cm? at normal incidence. Below 2800 crh the

z Eu CONTENT (%) WeII—prpnouncgd Fabry—Perot mterfere_nce Wlth.perIOdS of

5 up to five dominate the spectrum. The inset of Fig. 5 shows

"E’ the variation of the absorption edge of PbEuSe layers as a

g PbEuSe on function of Eu content at temperatures of 211 and 297 K,

] CaF/Si(111) respectively. For 1% Eu, the absorption edge shifts at a rate

a 1% Eu of 550 cm ! per % Eu, while for 3% at a rate of 450 ¢t
T=300K per % Eu. It is seen from Fig. 5 that the absorption edge of

the PbEuSe layer with 3% is shifted t63.3 um.

IV. CONCLUSION

We have successfully grown f8e- and TLSe-doped
PbSe and PbEuSe on Ga6i(111). The use of Bi and Tl
Fic. 5. Transmission spectrum of a PbEuSe layer with 1% Eu grown oncompounds helps maintain the crystal stoichiometry. We
CaF,/Si(111) obtained at 300 K. The inset shows the shift of the absorptionngye reached electron and hole concentrations that are nearly
edge of the PbEuSe layers as a function of the Eu content. . . .
one order of magnitude higher than those obtained by va-
cancy doping. The electrical properties of the layers are com-

perature dependent degeneracy at high carrier concentratioRgrable to those for PbSe grown on BaRhe absorption
as suggested by Hollowayetal'® The BipSe- and edge of PbEuSe has been significantly shifted-t8.3 um
TI,Se-doped PbSe and PbEuSe layers show electron and hdaih only 3% Eu.
concentrations as high as k80" and 3.5¢10"® cm™2 at
77 K, respectively. These carrier concentration levels ardCKNOWLEDGMENT
nearly one order of magnitude higher than those achieved via This work is supported by the National Science Founda-
vacancy doping and comparable to those used in makingon through Grant No. OSR-9550478.
midinfrared diode laser.
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