Molecular beam epitaxy of PbSrSe and PbSe /PbSrSe multiple quantum well
structures for use in midinfrared light emitting devices
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PbSrSe layers and PbSe/PbSrSe multiple quantum (WE)W) structures have been grown on
BaF, (111) substrates by molecular beam epitaxy. The lattice constant of the PbSrSe alloy was
determined by x-ray diffraction, and both the refractive index and absorption edge of the PbSrSe
alloy with Sr composition up to 0.23 were obtained from Fourier transform infrared transmission
spectra at room temperature. MQW structures exhibit strong photolumineg&dnde the 3—5um
wavelength range at room temperature. The PL intensity decreases monotonically with increasing
temperature below 230 K. @000 American Vacuum Sociefa0734-211X00)04903-9

[. INTRODUCTION wavelength range of 3—bm will not prevent quantum struc-

tures of these materials from achieving room temperature
Molecular beam epitax(MBE) of the IV-VI binary |aser operatiofi.Refractive indices and absorption edge en-

compound PbSe and lead—alkaline—earth—chalcogenide Pérgies for PbSrSe have also been obtained from Fourier

SrSe alloy is motivated by their importance in developingtransform infrared FTIR) transmission experiments.

midinfrared tunable diode lasetd.These materials are at-

tractive from a growth point of view since both PbSe and|; MBE GROWTH PROCEDURE

SrSe share the rock-sdlace-centered-cubjacrystal struc- .

ture and it is possible to grow PbSrSe with a high Sr solu-_ Al structures were grown on Baf111) substrates in a

bility and a wide tunable energy band gap. Recently, MBECEN Il MBE system. Bak substrates were freshly cleaved

grown PbSe/PbSrSe MQW lasers operating in pulsed modféo.m a(lll)—orlent_gd Lemxl cm ingot and mounte_d onto a
up to 282 K at a wavelength 0k=4.2 um have been uniblock with a silicon backing plate. Before being trans-
demonstrated ferred to the growth chamber, the substrate was outgased in
It is known that the presence of Auger recombination inthe preparation chamber at 200°C for 1 h. .
After the Bak substrate was transferred into the growth

narrow gap semiconductors is the major intrinsic limitation hamber. th betrate t ‘ d U 10 550 °C
in achieving midinfrared tunable diode lasers with high op—C amber, the substrate temperature was ramped up to

; til a sharp Bak(1Xx1) reflection high-energy electron
erating temperatures. Recently, much progress has beg], . .
made in achieving high power emission and high operatin iffraction (RHEED) pattern appeared. A 100-nm-thick BaF

temperature with IlI-V semiconductor quantum cascade la- uffer layer was first grown on the substrate at 500°C. The

ser structures and type-ll antimonide quantum WeIIgrowth temperature was measured using a thermocouple.
system$™5 IV—VI semiconductors have several unique X-ray diffraction measurements showed that the growth of a

properties that make them attractive for midinfrared IaselBan, buffer layer could reduce the linewidth ¢222) dif- o
fabrication. In contrast to llI-V and 11—-VI semiconductors, raction of the subsequently grown PbSrSe layer by 30%-

IV-VI lead salts have a band structure with mirror—imageSO%' A 3um-thick PbSrSe layer was then grown on top of

; Y .~ _the Bak buffer layer at 360 °C. The growth of PbSrSe was
L-point bands that is highly favorable for Auger suppression.
pol 1S Nghy 1av Hger supp ! arried out by evaporating PbSe and elemental Sr sources.

In this work, PbSe/PbSrSe MQW structures have bee he S i trolled b ina the Sr to PbS
grown on Bak (111) substrates. Strong photoluminescence € Sr composition was controlied by varying the Srto €

(stimulated emissionhas been observed from these struc—mJX rat_|o. The actual Sr content was determined from Xx-ray
tures in the wavelength range of 3-+8n at room tempera- diffraction measurements. An additional Se source was used
ture, which supports the speculation made recently that AU contro| the stoichiometry Qf PbSe .a.nd PbSrSe layers and
ger recombination in IV-VI semiconductors in the keep the surface under Se rich conditions. A \(alved cracker
cell was used to produce a Se flux of 10% relative to the total
> , : , o . PbSe and Sr fluxes. The typical beam equivalent pressure of
Iy momns e Sennen, Sh o1 Sesonewall PbSe 1S about 15610 °Tor. The PbSe and PSISe

fang@gedmbe.com growth rates were both about 180 A/min.
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50000 TasLE |. Variations of the lattice constant and absorption edge of PbSrSe
Py 555570 1255€ epilayers as a function of Sr composition. The corresponding Sr to PbSe flux
(222) ' ' ratios used to adjust the Sr composition in the growth are also included.
40000 | 5 -g1446 A
, = 6.
FWHM(BaF,) = 2? arcsec Sr Sr to PbSe flux ratio Lattice constant Absorption edge
30000 FWHM(PbSrSe) = 65 arcsec composition (%) (A) (e\/)
i Sample #815
0.0 0.0 6.1260 0.277
20000 |- 0.068 3.0 0.451
0.135 6.0 6.1446 0.577
0.230 10.0 6.1563 0.716
10000 | 1.0 6.2509
BaF,
0 A
0.1 0.0 0.1 02 0.3

PhygesSlh13:59€  peak. The lattice constant of the
Phy g6:510 1355€ epilayer can thus be calculated using Bragg
Fic. 1. X-ray diffraction rocking curve for a 3.4m-thick PbSrSe epilayer ~ diffraction law. The lattice constant of PbSrSe has been de-
grown on Baf (111). termined for various epilayers in this way. The results are
listed in Table I. For epilayers with small Sr composition, it

To grow a MQW structure, 10-40 periods of Pbse/'S & good assumption that Vegard's law applies to the lattice

PbSrSe were grown on top of the PbSrSe buffer layer a(Eonstant of PbSrSe alloy. Since the lattice constants of PbSe

360 °C. The thicknesses of the PbSe quantum well and P and SrSg have been obtained from x-ray d.|ffract|on, the'Sr
omposition of PbSrSe alloy can be determined by applying

. ) C
Srse b"?‘”'er were in the range of 40-200 and 400_500. A\/egard’s law. The variation of the lattice constant with Sr
respectively. To prevent the final PbSrSe layer from bemgFOmposition can be formulated as follows:

oxidized, a 10-nm-thick PbSe cap layer was grown on top o
either a single PbSrSe layer or a PbSe/PbSrSe MQW struc- a=6.126+0.12%(A) for 0=<x=<0.23. 1)
ture. All the PbSe and PbSrSe layers are undoped.
Growth was monitoredn situ using the RHEED tech-
nigue.Ex situstructural characterization of the epilayers was
performed using a Philips high-resolution x-ray diffraction
system with a four-crystal G&20 monochromator. Fourier
transform infrared FTIR) transmission measurements were
carried out using a Bio Rad spectrometEl S-60A with a
wave number range of 50—6000 chn Photoluminescence

Omega/2Theta (degrees)

The lattice constant of PbSe determined in this work is in
good agreement with the value 6.126 A used in prior wWork.
The corresponding Sr to PbSe flux ratios used to adjust the
Sr composition during the growth are also listed in Table |
for reference.

Figure 2 shows the FTIR transmission spectra for two
PbSrSe samples with Sr compositions of 0.068 and 0.230,
respectively. The spectra were obtained at room temperature.
Rt can be seen that the spectra are dominated by the well-

spectromete(Oriel, MIR8000Q. MBE samples were illumi- rpronounced Fabry—PerdEB) interference below the ab-

nated with a 972 nm InGaAs laser. The injection current fo
the InGaAs pump laser was 500 mA producing about 250
mW of power. The unfocused laser, located about 10 mm

from the sample at about a 45° angle, produced a spot size of Photon Energy (meV)
about 2 mnx7 mm on the sample surface. An average 100 200 300 400 500 600 700 800
power density of about 1.8 W/chis thus estimated. The PL ' ' ' ' ' ' ' '
setup and data acquisition are described in detail elsewhere. Pb,,Sr,Se on BaF,(111) ®) -

x=0.

Sample #B16

lll. RESULTS AND DISCUSSION
A. PbSrSe grown on BaF ,(111)

The initial growth of PbSrSe on BaFproceeded via a
three-dimensional growth mode. However, the electron dif-
fraction spots were replaced by streaks after a few hundred
angstroms of PbSrSe were deposited.

Figure 1 shows the x-ray diffraction rocking curve for a
Phy.gesS1h.1359€ epilayer grown on BgK111). The typical
line width of the PbSrS€222) diffraction peak is in the 0 2000 2000 5000
range of 50—70 arcsec for layers with thicknesses of 23
and with Sr composition less than 0.23. Since the lattice
cons_tant of Baf SUbSFrate_ material is known, the Baghf- FiG. 2. FTIR transmission spectra of two PhSrSe epilayers obtained at
fraction peak shown in Fig. 1 can be used as a reference {@om temperature(a) x=0.068, layer thickness of 3.am; (b) x=0.230,
determine the absolute diffraction angle of thelayer thickness of 3.gm.

Transmission (a.u.)

x = 0.068
Sample #B14

Wavenumber (cm™)
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Fic. 4. X-ray diffraction rocking curve for a 40-period

Wavenumber (cm™
( ) PbS€10 nm)/Phy 93,51 gse5€ (50 nm) MQW structure grown on BgH111).

Fic. 3. Variation of refractive index in PbSrSe as a function of Sr compo-
sition.

sorption edges. The FB fringes are still present above the Figure 5 shows a PL spectrum taken at 25°C for a 40-
absorption edges though they are much weaker. The shift igeriod PbSe (20 njfPly 93:5r.06s5650 nm) MQW structure

the absorption edge with increasing Sr composition is als@rown on Bak (111). The spectrum exhibits several distinct
clearly seen in the spectra. The absorption edge was dete@mission peaks in the 3—am wavelength range. These are
mined from the first transmission maximum as indicated inFabry—Perot interference fringes due to resonance in the op-
Fig. 2. Absorption edge values for each layer are listed irfical cavity formed by the layer. The left side of the strongest
Table I. The uncertainty in determining the absorption edgéPeak near 2400 cit is somewhat distorted due to absorp-
was estimated to be less than 10 meV. The variation of th&on by atmospheric COin the open path PL setup. The

absorption edge with Sr composition was fitted using thePresence of the FB interference fringes indicates that the
following quadratic function: emission process is dominated by stimulated emission be-

5 cause spontaneous emission cannot cause interfetefibe.
Eg=0.278+2.72%—3.57%"(eV) for 0<x<0.23. (2 inset shown in Fig. 5 is the variation of PL intensity as a
Like other ternary lead chalcogenide alloy§,PbSrSe epi- function of the sample temperature. It can be seen that the
layers also show nonlinear dependence of the absorptiodL intensity reaches maximum in the temperature range of
edge on Sr composition.

It is known that the presence of the FB interference below
and above the absorption edge allows determining the refrac-

tive index of an epilayer. One of the commonly used meth- Wavelength (micron)

ods is to determine the refractive index by using the formule 60 50 40 35 30
Av=1/(2nd), whereAv is the period of interference fringes, 0.35 — : \ .

n is the refractive index, andl is the thickness of the 00l | 5ePPosSTaseSe MAW e I
epilayer'! Another method is to fit a transmission spectrum ?2—425 < im - ~
using a derived theoretical model based on the energy bar _ 025} g
structure of the material investigat&dThe advantage of the g 0.20 o ™ B23 o,
second method is that it allows both the refractive index anc &~ | .

the absorption coefficient to be determined. In this work, the 2 o.1s| P ety
first method was used to determine the refractive index o =

PbSrSe epilayers due to its simplicity. The results are show &

in Fig. 3. The refractive index of PbSe epilayer determined
in this work is in good agreement with Zenwl al’s result?
in the photon energy range below the absorption edge.
,(111) 1500 2000 2500 3000 3500 4000

B. PbSe/PbSrSe MQW structures grown on BaF
) } . ) Wavenumber (cm™)
Figure 4 shows an x-ray diffraction rocking curve for a

PbSe/PbSrSe MQW structure grown on Balft 360 °C. Sat- _
Fic. 5. PL spectrum taken at 25°C for a 40-period PbSe

ellite reflection peaks with th? O_rde_r up to 7_ were Cl_early(zo nm/Phy 9351 gs5€ MQW structure. Inset: The temperature dependence
seen from the MQW sample indicating the high quality of o¢ p|_ intensity for a 40-period PbSE0 nM/Phy 351 ossSe MQW struc-
the sample. ture.
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