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W e rep or t on molecul ar b eam ep ita xy of Cd Se/C dM gSe hetero struc -
tures on InA s(001) substrates and studies of their optical and structural

prop erties . T he C dMgSe energy gap versus comp ositio n dependence is de-
termined. The zinc- blen de MgSe band- gap energy and optical b ow ing pa-
rameter are estimated to be 4.05 eV and 0.2 eV , respectively . T he CdSe
quantum w ells emb edded into C dMgSe barriers demonstrate intense photo-

luminescen ce. E˜ective mass approximation calculati ons of electron {hea vy
hole optical transitions in C dSe quantum well are in a good agreement w ith
the experimental data obtained.

PACS numb ers: 78.66.H f

1. I n t rod uct io n

R ecently, a new appro ach to designi ng mid- inf rared laser diodes has been
pro posed, whi ch consists in combi ning I I I { V and I I{ VI com pounds in a single-
-doubl e hetero structure [1]. A CdSe/ Cd Mg Se system is of great importa nce due to
i ts possibi l i ty to be empl oyed as the II{ VI part in such InAs- based lasers. Ho wever,
there have been practi cally no data on growth and pro perti es of thi s system unti l
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now. CdSe has beenwel l studi ed only when inserted in a ZnSe matri x, where due to
7% latti ce m ismatch the CdSe sheets tra nsform into bro adened up to 10 m onolayer
(M L) graded-com positi on ZnCdSe layers wi th self-organized quantum di sk-l ike Cd
compositi on Ûuctua ti ons even in a subm onolayer range of CdSe thi cknesses [2]. It
prevents studyi ng of the opti cal and electro nic properti es of \ pure" cubi c CdSe
quantum wel ls (QW s). On the other hand, an InAs/ CdSe hetero pai r is qui te sui t-
abl e for thi s purp ose due to a smal l latti ce m ismatch between binari es ( ¤ 0 : 3%).
Mo reover, the CdMg Se sol id al loy wi th Mg content of 10% is latti ce m atched to
InAs and can serve as a barri er for the CdSe QW . Further increase in the Mg con-
tent al lows to grow an al terna tel y stra ined CdSe/ CdMg Se m ul ti ple QW structure
latti ce-matched to InAs as a who le. To our kno wl edge, the cubi c CdMg Sehas been
never grown epi ta xi al ly on InAs(0 01) substra tes so far, altho ugh som e opti cal and
structura l pro perti es of bul k melt- grown hexagonal CdMg Se crysta ls have been
reported [3].

In thi s paper we present for the Ùrst ti me a compl ex study of opti cal and
structura l properti es of low- stra ined zinc-bl ende CdSe/ Cd(Mg )Se QW structures
grown by molecular beam epi ta xy (M BE) on InAs(0 01) substra tes.

2. Ex p er im ent

The structure s were grown consequentl y in two separate MBE chambers.
An InAs bu˜er layer was grown on InAs(0 01) substra te in a I I I{ V MBE setup
(R iber 32 P), covered wi th polycrysta l line As to protect the surface from oxi -
dati on in atm osphere and then tra nsferred to the I I{ VI MBE growth chamber
(ho me m ade EP1 203) thro ugh ai r. El emental Cd, Mg , Zn, Te, and Se molecular
beam sources were employed for the epi ta xy. Bef ore the growth, the As cover was
rem oved by anneal ing the sam ple at substra te temperature T S = 440À 480£ C. A
reÛection high-energy electro n di ˜ra cti on (R HEE D) system wa s used to m onito r
surf ace condi ti ons. It has been found tha t the opti m al I I{ VI growth ini ti ati on
condi ti ons corresp ond to an interm ediate (2 È 4) As& ( 4 È 2)In surface reconstruc-
ti on achi eved at T S ¤ 460£ C. Two typ es of growth ini ti ati on pro cedure at the
I I I{ V/ I I{ VI hetero valent interf aceswere used. D uri ng the Ùrst one, 1 ML of CdSe
wa s ini ti al ly grown in MBE m ode to prevent an uncontro l labl e intera cti on between
Se ato m s and the InAs surface, on the analogy wi th the ZnSe/ GaAs case [4]. Then
a 10 nm thi ck CdMg Se layer was grown in MBE mode at ¤ 2 0 0 £ C to reduce the
defects density on the InAs/ CdSe interf ace [5], whi ch usual ly resul ted in a streaky
R HEED patterns. The depositi on ti mes of Cd and Mg were chosen to pro vi de
desirable al loy com positi on. The fol lowi ng growth of the CdMg Se/ CdSe structure
occurs at 2 8 0 £ C in MBE m ode under the (2 È 1 ) Se-stabi l ized condi ti ons. In the
other case, T S = 280£ C wa s kept constant from the very beginni ng of I I{ VI growth
whi ch wa s ini ti ated wi th a depositi on of ¤ 5 nm thi ck ZnT e in the MBE m ode.
D etai led com parati ve analysis of the two bu˜er layer sequences and thei r e˜ect on
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structura l properti es of CdMg Se layers wi l l be publ ished elsewhere [6]. The typi cal
structure incl udes the botto m CdMg Se barri er of 0.3{ 0 :9 ñ m thi ck, fol lowed by
the CdSe QW of a thi ckness ranging wi thi n 2{ 6 nm and capped wi th a 0 : 1 ñ m
CdMg Se barri er. Thi n CdSe layer was grown on to p to prevent a CdMg Se oxi -
dati on. Addi ti onal ly, single CdMg Se layers were grown to study thei r energy gap
opti cal bowi ng.

D i ˜erent techni ques includi ng cro ss-secti onal scanni ng electro n microscopy
(SEM) and tra nsmission electron m icroscopy (TEM), electro n probe microanal -
ysis (EPMA), X- ray di ˜ra cti on (XR D ) and photo lum inescence (PL) were used
for structura l and opti cal characteri zati on of the QW structure s. XR D rocking
curves were measured in a sym metri c Bra gg geom etry wi th a (004) reÛection. A
Ge-crysta l was used as a m onochro mato r for the Cu K ˜ radiati on. The PL mea-
surements were perform ed at liqui d ni tro gen tem perature usi ng the 325 nm l ine
of a cw He{ Cd laser.

3 . R esul t s an d d iscu ssio n

Fi gure 1a presents a cross-secti on TEM im age of the CdSe/ CdMg Se QW
structure, wi th the 2 nm thi ck CdSe QW being vi sible as a thi n uni f orm dark
stri pe. In thi s case, the ZnT e bu˜er layer was used to form the hetero valent
I I I{ V/ I I{ VI interf ace. Nei ther stacki ng faul ts nor dislocati ons are observed in the
im age, whi ch indi cates a perfect structura l qual i ty of the structure. The PL spec-

Fig. 1. (a) C ross-sectional T EM image of the C dSe/C dMgSe QW structure, w ith

the 2 nm thic k C dSe QW. T he ZnT e bu˜er layer w as used to form the hetero valent

I I I {V /I I {V I interf ace. (b) Low -temp erature PL spectrum of the 3.4 nm- C dSe/C dMgSe

Q W structure.
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trum of 3.4 nm -CdSe QW structure is shown in Fi g. 1b. One can clearl y see two
peaks at 2.077 and 1.868 eV, whi ch are attri buted to the near-band-edge radi ati ve
recombi nati on in the CdMg Se cl addi ngs and opti cal tra nsiti ons between electron
and hole energy levels in the CdSe QW , respectively. The asym m etri c shape of the
form er peak is likely caused by a possible gradient of Mg content in the CdMg Se
layer. The PL spectrum al lows us to determ ine the energy gap of the corresp ondi ng
layer as fol lows:

E G = h ¡ + E ex + E St Ï Â E st r ; (1)

where h¡ i s the opti cal tra nsiti on energy, E ex is the excito n bindi ng energy, E St

i s the Stocks shift, and Â E str i s the vari ati on of the energy gap due to the stra in
e˜ect. The exci to n bindi ng energy in Cd 1 À x Mg x Se (0 < x < 0 : 2 5 ) is taken as
15 meV, whi ch is the same as tha t of bul k CdSe [7]. The Sto cks shi ft is estim ated
as a hal f wi dth at hal f m axi mum (HW HM) of the PL peak, whi le the stra in
inÛuence on the band structure of CdSe or CdMg Se layer is ta ken into account
accordi ng to the \ model -sol id" theo ry [8].

Fi gure 2 dem onstra tes an XR D ˚ À 2 ˚ rocki ng curve of a sing le CdMg Se
structure. The joint analysis of the XR D and EPMA data al lows us to estim ate
independentl y the Mg content and relaxati on degree of the CdMg Se layers as
0.14 and 60%, respectively. For thi s sampl e the relaxati on degree of the CdMg Se
layer is estim ated as ¤ 6 0%, whi ch indi cates tha t the layer thi ckness is m ore tha n
cri ti cal one. Hence, in thi s case the stra in e˜ect on CdMg Se band-gap energy can
be neglected.

Fig. 2. X RD ˚ À 2 ˚ rocking curve of a single C dMgSe structure. The comparatively

large FWH M of the C dMgSe p eak seems to be due to p ossible gradient of Mg content

in C dMgSe layer.
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T aki ng into account the above m entio ned factors, we estim ate the composi-
ti onal dependence of the CdMg Se band- gap energy using the fol lowing equati on
(see also Fi g. 3):

E
C dM g Se
G ( x ) = x E

M g Se
G + (1 À x ) E CdSe

G À C x (1 À x ); (2)

where E
M g Se
G and E C dSe

G are the energy gaps of Mg Se and CdSe, respecti vely; C

i s the bowi ng parameter of the CdMg Se al loy. The zinc-bl ende CdSe band-gap
energy has been found from PL of bul k CdSe/ InAs layers to be 1.746 eV, whi ch
is in good agreem ent wi th the data reported before [9]. There have been vari ous
estim ates of the energy gap of \ pure" Mg Se, ranging from 3.59 to 5.60 eV [10, 11].
Ho wever, as fol lows from our data the good E G estimate for zinc- blende Mg Se is
about 4.05 eV, whi ch coincides wi th the data of Li tz et al . [12]. The Ùtted curve
obta ined at C = 0 : 2 eV seems to be in good agreem ent wi th experi menta l data
obta ined from the PL spectra of Cd 1 À x Mg x Se layers wi th di ˜erent magnesium
content (0 < x < 0 :3 2 ), whi ch are shown in the inset in Fi g. 3. The ful l wi dth at
hal f maximum (FW HM) of the band-edge PL peaks increaseswi th the Mg content
ra ising, whi ch can be expl ained by enhanced disorderi ng of the sol id al loys.

Accordi ng to the com mon-anion rul e, the increase in E G of CdMg Se should
be accom pani ed by m ovi ng onl y the conducti on band upwards. Ho wever, by the

Fig. 3. E G versus x dependence for the C d1 À x Mg Se system. E values and comp osi-

tions x of CdMgSe alloys were obtained from PL spectra and EPMA data. C ircles are

the experimental data. Solid curve is a E x theoretical estimation using optical bow-

ing parameter C : eV . The dashed line show s the Ùtting according to the Vegard

law . I nset show s low -temp erature PL spectra of the C dMgSe single layers w ith di˜erent

Mg contents ( < x < : ).
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analogy wi th the ZnCdSe/ ZnSe system where the valence band o˜set (VBO) is not
zero in spi te of the comm on ani on in both binari es [13], the sim i lar valence band
behavi or is expected for the CdMg Se/ CdSe heterostruc ture s. Theo reti cal calcula-
ti ons using Ùrst-pri nci ples al l -electron band structure m etho d give the CdSe/ Mg Se
VBO as high as 1.1 eV [14], al tho ugh thi s value appears to be to o large. Com -
bi ning the exp erim ental va lue of Mg Se/ Cd 0 :5 6 Zn 0 :4 4 Se VBO [15] wi th the well
kno wn Â E V =Â E G ra ti o of 0.25 for the ZnCdSe/ CdSe system [13], we have ob-
ta ined the smal ler Â E V =Â E G ra ti o for CdSe/ Cd 1 À x Mg x Se of about 0.3 (or VBO
= 0 : 6 6 x eV). T aking into account stra in inÛuence on the band structure, the band
o˜sets at the CdMg Se/ CdSe interf ace for electrons U e and heavy holes U h can be
determ ined by analogy wi th the ZnSe/ ZnCdSe QW case [16].

T able shows the experim enta l PL peak energies of the CdSe/ CdMg Se QW
structures wi th di ˜erent CdSe QW thi cknesses and Mg contents in CdMg Se bar-
ri ers. The respective calcul ated energies of e1{ hh1 tra nsiti ons, obta ined in the ef-
fecti ve m assappro xi m atio n ta ki ng into account the stra in e˜ects, are also given in
T able. We to ok into consi derati on the e1{ hh1 tra nsiti on only because the l ight- hole
energy level is wel l above the heavy- hole one due to signiÙcant com pressive stra in
in the CdSe QW . The energies of e1 ( " e) and hh1 ( " hh ) quantum levels are deter-
m ined as fol lows:

s
m CdSe

m C dM g Se

U e ( hh ) À " e( hh )

" e( hh )

= ta n

˚ r
m CdSe " e ( hh )

2

L

ñh

Ç

; (3)

where m C dSe and m CdM gSe are the e˜ecti ve m asses of CdSe QW and CdMg Se
barri er, respectivel y, and L is the CdSe QW thi ckness.

T ABLE
T he exp erimental and e˜ective mass approximation calcula ted
data on optical transition s in Q W CdSe emb edded into C dMgSe

barriers.

N x in C dMgSe L Q W C d Se [ ¡A ] E
e ˜
G C dSe QW

experiment calculatio n

A 0.19 53 1. 824 1.814

B 0.17 34 1. 867 1.860

C 0.18 27 1. 921 1.916

D 0.16 20 1. 924 1.940

E 0.14 20 1. 907 1.924

One can see tha t there is a good agreement between calcul ated and experi -
m enta l data . The smal l m isÙtsare pro bably caused by some assumpti ons we made.
D ue to the lack of the data on the e˜ecti ve m asses,hydro stati c and shear defor-
m ati on potenti als of Mg Se and the relati vely smal l Mg content in CdMg Se, we
empl oyed the values as tho se for pure CdSe. T aki ng into account the sim i lari t y of
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crysta l l ine properti es of the isoelectro nic analogs, it has been assumed tha t elastic
constants of Mg Se are the sam e as tho se of ZnS [17]. The CdSe param eters used
in calcul ati ons are ta ken from Ref. [18].

Good agreement of calcul ati ons and experim enta l data conÙrm s tha t CdSe
embedded into CdMg Se behaves as conventi onal QW . Addi ti onal ly, i t is conÙrm ed
by the observed bro adening of the CdSe QW PL peaks wi th a decrease in the QW
thi ckness, whi ch is typi cal o f two -dim ensional QW structures due to enhanced
contri buti on of interf ace roughness in thi nner QW s. Thi s behavi or is opposite to
tha t usual ly observed for highl y stra ined CdSe m onolayers in a ZnSe m atri x caused
by stro ng stra in- induced CdSe layer di sorderi ng at larger thi ckness [2].

In summ ary, the CdSe/ CdMg Se QW hetero struct ures have been grown for
the Ùrst ti me on InAs(0 01) substra tes by m olecul ar beam epi ta xy. The dependence
of CdMg Seband-gap energy on com positi on has been determ ined. The zinc-bl ende
Mg Se band-gap energy and bowi ng param eter are estimated as 4.05 eV and 0.2 eV,
respect ively. The CdSe QW photo lum inescence data are in good agreement wi th
the e˜ecti ve m assapproxi matio n calcul ati ons.

Thi s wo rk was supp orted in part by INT AS grant No . 97-31907, the Program
of the Mi nistry of Sciences of RF \ Physi cs of Sol id State Nanostructures" grant
No . 99-02-17097.
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