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Highly confined excitons in Mg3ZnSe quantum wells grown by molecular beam epitaxy
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MgS has been grown by molecular beam epitaxy in the zincblende crystal structure on(IB@Asub-
strates using a technique where the sources are Mg and ZnS. Layers up to 134 nm thick have been grown
without any degradation in the crystal structure. The lattice constant was found to be D&G6091 nm and
Poisson’s ratio was estimated to be 0.425. The success of this growth technique has allowed the fabrication of
MgS/ZnSe/MgS quantum wells that show sharp photoluminescence and transmission spectra indicating less
than 1 ML fluctuations of the well widths. The small inhomogeneous broadening of the samples has allowed
magneto-optical studies of the exciton absorption where the observation of higher excited exciton states have
been observed and the exciton binding energies, have been measured directly, notaliif(1s—2s)
>hv o in a5 nm vell. The full width at half maximum of the heavy-hole absorption transitions for this sample
has been measured as a function of temperature and no broadening of the excitonic transitions has been
observed up to 150 K showing that the exciton-LO phonon scattering has been suppressed.
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I. INTRODUCTION for use as barriers with ZnSe quantum-well layers, which
showed large carrier confinement and excitonic spectra
The compound MgS has a number of interesting properobservabl&'® up to room temperature.
ties that have made it the focus of attention for many years. More recently we have grown MgS by MBE using a
Although its stable crystal structure is the rocksélaCl) ~ method that utilizes ZnS and Mg sources. This method has
phase, the Philips’ ionicity of MgS is 0.786, close to the proved successful and has allowed us to report the growth of
boundary between the regions of stability for the NaCl andayers up to 67 nm thick with excellent crystalline quattty.
zincblende(ZB) phases. In fact, it was shown by Navrotsky In this paper, we describe the growth method together with
and Philip$ that the free energy for the transformation be-improvements in the growth technique that have enabled us
tween the NaCl and ZB phases is close to zéb.initio ~ to grow ZB layers of MgS even thicker than those described
calculations by Lichanaogt al,? however, suggested that at 0 Previously. Second, we report details of the structural char-
K and zero pressure, the ZB structure is the more stable, witcterization of the layers by double-crystal x-ray rocking
the transition to the NaCl structure occurringRt1 GPa.  curves(DCXRC) and give details of the stability of the lay-
However, Ekbundiet al2 calculated that the NaCl structure ers and the reactions that give rise to MgS. Finally, we dis-
was the most stable at zero pressure, although under tensi§Hss the growth of MgS/ZnSe quantum-well structures and
both the wurtzite and ZB crystal phases were stabilised. Z8he measurements of photoluminescertee) and magne-
MgsS is a particularly interesting compound since theoreticafotransmission spectra in order to explore the suppression of
calculationd give a lattice constant for this compound close €Xciton-LO phonon scattering when the exciton binding en-
to that of both GaAs and ZnSe and this has been supporteddy E*(1s—2s)>hv .
by values of the lattice constant extrapolated from ZnMgS
alloys containing mole fractions of Mg up to 0.14Above
this value, a change in the crystal structure from ZB to NaCl
was observed. All the MgS and ZnSe layers were grown in a Vacuum
The low strain of ZB MgS with GaAs makes the growth Generators V80H MBE system ugir6 N Mg, Zn, and Se
of epitaxial MgS/ZnSe/MgS quantum well structures onelemental sources and a ZnS compound source. No modifi-
GaAs substrates a possibility with the attraction of a barrieccations were made to the MBE system, however, a liquid-
with an energy of~5 eV. However, the first attempt to grow nitrogen cooled shutter was fitted in front of the ZnS cell.
ZB MgS by molecular beam epitaxXMBE) obtained layers This was done to reduce substantially the amount of ZnS
only 0.96 nm thick before there was a sharp transition fromeaking around the shutter when the cell is hot and the sub-
two-dimensional(2D) to 3D growth observed by reflection sequent contamination of the growth chamber by sulphur
high-energy electron diffractiofRHEED). This was attrib- containing species. With the cooled shutter fitted, we are able
uted to a change in the crystalline structure of the epitaxiato reproducibly clean GaAs substrates and cool them to be-
layer® MgS has also been grown using metal-organiclow 300 °C under a Zn flux?>*3 while maintaining the %
chemical-vapor depositiofMOCVD) on GaAs(100) sub-  reconstruction along tHa.10] azimuth. This shows that there
strates and in layers that were approximatelyu® thick is no significant contamination by sulphur of the clean GaAs
both ZB and NaCl phases were detected by x-raysurface under these conditions.
diffraction.” However, in much thinner MOCVD-grown lay- MgS samples were grown on GaAs substrates that had
ers (up to 10 nm thick the ZB structure was maintainéd. been etched and heated to 580 °C to remove the oxide layer,
The crystalline quality of these layers was sufficiently goodthen cooled to the growth temperatufgypically 240—

Il. GROWTH OF MgS
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270°0), after which a 5-10 nm buffer layer of ZnSe was F
deposited. Typically, RHEED shows that the initial growth
was 3D, subsequently transforming to the usuak ()
RHEED pattern with long streaks observed from a ZnSe ep- L
itaxial layer. MgS was grown using Mg and ZnS sources E
with cell temperatures of 375 and 800 °C, respectively. The
Mg flux was not routinely measured in order to minimize
contamination of the ion gauge. Following the growth of the
MgS layer, a capping layer of ZnSe typically 5—10 nm thick
was deposited that was found to protect the MgS layer from
oxidation. i
During the course of this work, a variety of different 3

E

counts (log)

sample structures were grown. First, thin samples, containing a0 e 0 0
MgS layers less than 10 nm thick were used to determine the 0/26 (arcsecs)

growth rate by x-ray interference techniques, as described in ) _ _
Sec. Il A. Second, thick samples were used to determine the FIG. 1. X-ray interference patterftop curvg and simulation
lattice constant and the residual zinc content and also to débottom curve for the 400 reflection for a layer with the structure
termine the maximum thickness that can be grown in the ZB"Se(50 nmM/MgS (3 nm)/ZnSe(50 nm.

structure, as described in Sec. Il B. Finally, the quantum-t fthe | We h thus b ble to obtain the thick
well structures used for optical spectroscopy are described®'€rs 0! th€ fayer. We have thus been able to obtain the thick-
ness of the layers and use these values to calculate the

growth rate of MgS for layers<10 nm thick in structures of
I1l. X-RAY CHARACTERIZATION OF MgS LAYERS the type ZnSE0 nm/MgS(x nm)/ZnSe50 nm), where 3
A. X-ray interference measurements of thin layers nms=x=10 nm. For a constant Mg cell temperature we ob-
L , . served that the growth rate was also constant within experi-
In our initial work on MgS we identified & number of mental error, and thus there is no variation in the Mg incor-
potential p_roblems._F'lrst, the growth rate of MgS could nOtporation coefficient in thin samples. Previous work on
be determined, as it is well known that prolonged EXpOSUrenMgsse alloys has also shown no variation in the Mg mole
to Mg rapidly causes the background current of an ion gauggaction throughout thicker layers, and we conclude that the
to rise. It is presumed that this arises from electron-g oy ih rate obtained from these thin samples may safely be
stimulated desorption from the ion gauge components th xtrapolated to much longer growth times.
are covered with MgS. In addition, it was not thought that - A example of a 400 reflection for a structure containing
thick layers of the compound would be stable and hencg 3 m MgS layer is shown in Fig. 1, together with the
layers thick enough to be measured with optical interferencegicylated profile. The interplanar spacings obtained for the
tgchnlques coul_d not be grown. Lastly, nglther the €OMpoSizn0 and 115 reflections can be used waify,s (derived in
tion nor the lattice constant of the material deposited werego. | B) to obtain the Poisson’s rati@, and the amount of
known and without thick layers to examine could not beg|axation in the layers. However, these two values can not
determined. , . _be obtained independently from these measurements. Previ-
In order to determine the growth rate and crystallinity of 5,51y we used a value for the Poisson’s ratio obtained from
very thin Mgs layers, we have used the method of X-Raype cajculated values of the elastic constansand ¢y, by

Interference(XRI1).1* In this method, the layer under exami- hunget al,*® and estimated a 5—10% relaxation in the thin
nation forms the central spacer between two thicker layers Q%Igs layersi! Using » as a variable parameter while the re-

a different composition. Under these circumstances a Bragg,yation is simultaneously decreased improves the fit be-

interferometer is formed an.d the thin central layer modulate§,een the experimental and calculated rocking curves. The
the intensity of the Pendetang fringes. The pattern of et fit was obtained withy=0.425 for a pseudomorphic
modulation produced is a function of both the planar spacmgMgS layer. Recentlyg,; andc,, have been recalculated for

of the central layer and its thickness, and repeats regularlmgs and the values obtained used to calculate the LO pho-

\clivei:ttr;iilng{se:v?/ir?gré?ﬁlv(lgess' This method has been described iy frequency® The calculated phonon frequency is in good

In_ the present work we have used bot_h 400 and 115 regg{fﬁgggtg:;iihioenxsli:::g Zrll;illéb(:eetgzgged value and the
flections because of the much larger strain between the two
[I-VI compounds than is found in the IlI-V system. This
causes the pattern of modulation of the Pendeity fringes
that is observed in XRI to repeat more frequently with in-  Following the use of the XRI technique to determine the
creasing layer thickness, and it is not possible to obtain agrowth rate, a series of thicker MgS samples were grown on
unambiguous choice of layer thickness. However, by usingnSe buffer layers, as described in Sec. Il. During growth,
two reflections with different planar spacings, a unique valughe MgS layers displayed (21) reconstructions with sharp
is obtained.’ streaks, indicative of flat surfaces and 2D growth, up to the
The calculated thickness of the central layer does not depoint where the NaCl structure nucleates that was marked by

pend on any previous knowledge of any structural parama change to a spotty RHEED pattérn.

B. Determination of the lattice constant of MgS
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particular sample was thick enough to allow analysis by
i secondary-ion-mass spectroscopy and Auger spectroscopy,
3 . which gave an estimate of the residual Zn content between
E 0.5 and 2%, allowing for the uncertainty in the sputtering
L 4 coefficient of Mg. Also, in this sample, a comparison of the
400 and 115 reflections shows that it is 98% relaxed and has
a lattice constana of 0.5619+0.0001 nm. Using Vegard's
Law, and given that the residual zinc content of the sample
C lies in the range 0.5-2.0%, we deduce a valuedggs in

3 @ n pure ZB MgS of 0.5622 0.0002 nm. Table | gives the val-

: ues for the lattice constant of MgS obtained from experimen-
L _ tal work and previous theoretical calculations. We note that
: our value lies between the previous values obtained from
much thinner layers grown by MOCVD of 0.55®Ref. §

and 0.566 nmRef. 7), respectively.

In order to see if the surface roughness influences the
maximum thickness of MgS that can be grown on a ZnSe
buffer layerh.,, the ZnSe buffer layer was replaced by a
g ZnSe/MgS multilayer in the sample shown in FigbR This
sample has the structure Zn&enm)/MgS (25 nm)/ZnSe(10
nm)/MgS (134 nm/ZnSe (5 nm). While both samples
showed clear diffraction signals from the MgS layers, indi-
cating that the layers retained the ZB crystal structure, the
second structure appears to be of higher quality as it had only
partially relaxed as indicated by the asymmetric shape of the

e L L DCXRC peak. The 134 nm thick MgS layer is the thickest
<1500  -1000 -500 0 500 1000 1500 2000 2500 . . . A
0120 (arcsecs) grown in the ZB structure to date. Given the strains existing
between the GaAs substrate and the ZnSe and MgS layers

FIG. 2. 400 double-crystal rocking curves from samples with (€znse= —0.0025,€y4s=0.0056, and the fact that the onset
the following structures{a) ZnSe (5 nm/MgS (67 nm/ZnSe (5 of strain relief is usually observed in ZnSe after 150 nm, we
nm), (b) ZnSe(5 nm)/Mg$S (25 nm/ZnSe(10 nm/MgS (134 nmy/  would expect to see strain relief in MgS starting in layers
ZnSe(5 nm), (c) ZnSe(50 nm/MgS (125 nm)/ZnSe(10 nm). The  over ~70 nm thick, as is observed in the present case.
thickness of the MgS layer is a nominal value that the layer would

have had if there were no transformation to the rocksalt phase. IV. STABILITY AND FORMATION OF MgS LAYERS

Intensity (det. counts)

The MgS layers that were deposited were sufficiently A. Stability of zinc blende MgS

thick that their structural quality could be examined using In our preliminary study of the growth of ZB Mg3,we
DCXRC. Figure 2 shows the 400 data from two suchhave noted a sharp transition between 2D and 3D growth and
samples grown at 240°C. The first sample, shown in Figassigned this change to the onset of the nucleation of the
2(a) has the structure Zn§8& nm)/MgS (67 nm/ZnS&5 nm) rocksalt phase, in line with previous wotkwe have found
and has been reported previouSi{puring the growth of the  that the thickness at which this change occlrg,, is a
MgsS layers, as the only source of sulphur supplied is the ZnStrong function of the sample growth temperature. At 240 °C,
flux, some residual Zn incorporation is to be expected. Thid., is 67 nm, while at 270°C it is reduced to 12.5 nm.

TABLE |. Experimental and theoretical values of the lattice constant of zinchlende MgS.

Method Value(nm) Reference
DXCRD, MgS 0.5622-0.0002 This work
DXCRD, MgS 0.566 7
DCXRD, MgS 0.559 8
DCXRD, extrapolation in ZnMgSSe alloys 0.5643 5
Theory 0.546 4
Theory 0.573 2
Theory 0.561 20
Theory 0.562 21
Theory 0.549 22
Theory 0.5584 23
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Layers of MgS thinner thah., are stable in the ZB phase From this, we may suggest two reasons why the ZB layer has
almost indefinitely, even after prolonged exposure to the 1%8lisappeared in Fig.(2). First, propagation of the cracks into
kV RHEED beam. To determine the origin of the phasethe ZB phase could cause the remaining MgS layer to adopt
change, a layer of MgS 40 nm thick was grown at 240 °C. Ata range of tilts, becoming a mosaic structure and distributing
this temperature the layer thickness was less thap. the intensity over a wide angular range. However, as the ZB
Growth was then halted and the temperature raised in 10 iReak appears to have completely disappeared, and not merely
steps to 320 °C. At the higher temperatures, the layer thickreduced in intensity, a more likely explanation is that propa-
ness was substantially greater thap but no change in crys-  gation of the cracks into the underlying ZB layer induces the
tal structure was observed by RHEED for times upto 1 hcomplete transformation of the ZB phase to the more stable
From this, it may be concluded that the phase change is né{aCl phase.

nucleated in the bulk of the layer, but must occur at the
surface during growth.

To determine whether the change observed in RHEED is ) ]
the onset on the formation of the rocksalt phase, we have The formation of MgS in the ZB crystal structure may
grown a layer thicker thai,,. Figure Zc) shows a 400 Occur by at least part of the impinging Zn flux becoming
DCXRC trace from a MgS layer that was grown under simi-bonded at the surface, with the. Zn atoms incorporating with
lar conditions to the layer shown in Fig(@, but on a thicker the preferred tetrahedral bonding. Bgfore the formation of
ZnSe buffer layer. After approximately 67 nm of ZB MgsS the next layer, these Zn atoms are displaced by Mg atoms,
was grown, RHEED clearly indicated a change from 2D towhich are then forced into a four-fold coordination, rather
3D growth. At this stage the growth was not terminated, buthan the six-fold coordination found in the NaCl structure.
continued until the equivalent of 125 nm of ZB MgS was The ZnS growth rate at 240-270°C was measured in cali-
deposited, and the sample was then capped with 10 niation samples to be 0.08mh =, while that of the MgS
ZnSe. Although this sample is substantially thicker than thevas measured to be 0.1emh™. This result can be ex-
sample shown in Fig. (@), there is no trace of a ZB MgS plained by noting that the incorporation rate of sulphur on a
peak. growing ZnS surface is substantially lower than unity, while

The growth of pseudomorphic thin films in metastable Mg is known t(; increase the incorporation of sulphur in Zn-
phases has been of interest for many years, and calculatioMgSSe alloys! It was stated above that ZnS and Mg react
show that beyond a certain critical thickness a metastabl@xothermically at the semiconductor surface, forming MgS
layer should start to transform back to the stable bulkand liberating zinc, which does not incorporate substantially
structure?*?>A number of systems have been analyzed, typi-Nto the lattice. Here we examine that assumption by deter-
cally these have low strain between the two phases and afgining the equilibrium constants for the reaction of magne-
also diffusionless, such as bcc layers transforming to fcc. Ifium with ZnS and showing that it is compatible with a low
semiconductors, the transformation of pseudomorphidesidual zinc content. The growth rate of MgS corresponds to
ZnCdS grown on GaA&O01) from ZB to the wurtzite phase @ Mg flux of 1< 10**atoms cm?s™*. This is equivalent to
has been studiedf.In this system it is found that the wurtzite @n applied pressure of 4610~ " mbar, which is less than

phase nucleates preferentially on the very small twinned rethe equilibrium vapor pressure of solid Mg at the growth

- T temperature. Thus we calculate the equilibrium constants us-
ions that expose a (1) plane at the crystal surface. Once . i . -
g P (13 p y g the applied Mg pressure rather than the higher activity of

nucleated, the wurtzite phase propagates in the growth dired?d e
tion, but does not transform the ZB layer either in the sam olid Mg._We can now calculate the equilibrium constants for
plar;e or below it into more wurtzite phase crystal the reaction at the growth temperature. After substituting the

This transformation of zinc blende to wurtzite is similar to activities of the MgS and ZnS alloy components and the Mg

those transformations considered by Bruinsma andressure, we obtain the pressure of Zn in equilibrium with

Zangwill2® It is diffusionless, and occurs by shearing aCrOSSthat concentration of zinc in the alloy. We can then use this

the common plane{(11},5l{000%y.c). There is no strain estimate of the Zn activity to determine whether these reac-
ac) -

between the ZB and wurtzite phases, and no change in {HIPNS are appropriate un_der MBE condﬂmﬁ‘?s.

coordination number of any atom. '_I'he reaction to copsuder is the displacement of Zn from
The transformation of ZB to rocksalt is quite different. solid ZnS by the applied Mg flux

Although there is a common plane relationship

({113 ;5Il{118 \ac), the transformation mechanism is quite Mg(g)+ZnS(s)=MgS(s)+Zn(g).

different. It can be thought of as a displacement of the cation .

and anion sublattices relative to one another along14) where the symb_olés) and(g) refer to the solid and gaseous

direction that changes the environments of both anion athases, res_pegtlvely. . L

cation from tetrahedral to octahedral coordination, and re- The equilibrium constant for this reaction s where

sults in a large increase in density. The equivalent strain is

approximately 13% in any direction. K — PznBvgs &
With such a large change in volume, the resulting rocksalt Pwmgazns

MgS layer must induce cracks around the nucleation sites,

which are possibly the features causing the sudden changie assume to a first approximation that,¥y, ,S is an

from 2D to 3D diffraction observed in the RHEED patterns.ideal solid solution and the activities of MgS and ZnS are

B. Replacement of Zn by Mg in the surface layer
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- (a) 4
(b)

PL intensity (arb. units)
transmission (arb. units)

2.8 310 3.2
energy (eV) C

2.80 2.85 2.90
FIG. 3. PL spectra from single ZnSe quantum wells with well energy (eV)

widths (@) 1.7 nm,(b) 3.3 nm, andc) 10 nm. o )
FIG. 4. Transmission spectra of multiple quantum-well struc-

tures with well widths:(@) 5.0 nm and(b) 10.0 nm. For(b) the
I,?ontribution of the ZnSe buffer appears in the spectrum. The curves
have been displaced vertically for clarity.

given by their mole fractions, thugyus=0.995 andaz,s
=0.005 in the worst case, leading to the lowest incorporatio
of Zn.

The equilibrium constant is obtained from the Gibbs-free-
energy changes for the reactions at the growth temperatur
calculated from the entropy and enthalpy changes. For mog

chemical species, tabqlate?g values of enthalpies and emr?aiser at intensities of 10 W cm did cause damage to the cap
pies at 298 K are availabl€, but accurate values at other layer and on removal of the samples from the cryostat they

temperatures require knowledge of the specific heat at CONare observed to have oxidized.

stant pressure th‘F’.‘t is_ generally not avail_able. Agood estimate For optical transmission measurements samples contain-
is made by substituting the values obtained at 268K, ing ten quantum wells were grown with the structure ZnSe
+ZnSe(,, nm)]/MgS(20 nm/ZnMgSSe cap and values of

For ZB MgS there are no available thermodynamic datas and 10 nm were chosen fary, where the contributions of

and we have used the values suggested by Somtkat,”®  the cap and buffer regions to the transmission signal are

where the enthalpy has been calculated by reducing the valugnall compared to those of the quantum-well transitions. The

for the NaCl phase by one third to allow for the reduction intransmission spectra were obtained using a halogen lamp as a

the coordination number. white light source and a 0.75 m single spectrometer equipped
We obtainK=49000 at 240°C and at equilibrium we with a 1200 lines/cm grating and recorded using a cooled

require a Zn overpressure of 1®mbar, which is somewhat charge-coupled devicéCCD) camera after selectively re-

in excess of the equilibrium pressure over pure Zn at thisnoving the GaAs substrate by wet etching.

temperature. Although this calculated equilibrium constantis The high material quality of the two samples reported

a very crude estimate, it is sufficiently large to give us con-here is apparent from the transmission spedtré l& shown

fidence in the answers. The residual concentration of Zn ifn Fig. 4. The heavy-hole excitofE1HH1) and light-hole

the solid is not an equilibrium concentration, but is ratherexciton ground-state transitiof§1LH1) are clearly visible

sponding to a confinement energy of 430 meV for ZnSe
uantum wells. Exposure of the samples at 4 K to UV radia-
ion for PL experiments using the 275 nm line of an Ar ion

determined by the kinetics of the reaction. for both the 5.0 Fig. 4@] and 10.0 nm wide quantum wells
[Fig. 4(b)]. The full width at half maximun{FWHM) values
V. MgS/ZnSeMgS QUANTUM WELLS of the E1HH1 transitions for the 5.0 and 10.0 nm quantum-

) , ) well samples are 11.0 and 6.2 meV, respectively, comparable
Due to the large difference, in excess of 2 eV, in bandgag, \aiyes typically obtained for the ZnSe/ZnCdSe and
between MgS and ZnSe and the possibility of growing mul-7,\q5Se/znse systems. The small inhomogeneous broad-
tilayers of high structural and optical quality, this system iSgning indicates only minor well-width fluctuations and, in

ideglly suited for investigating strongly _confined carriers byaddition, the MgS/ZnSe system with two binary materials
optical spectroscopy. Therefore, single quantum-well ¢ ihe advantage of minimum alloy broadening.
samples with structures ZnSbuffer, 25—-100 nnMgS(10

nm)/ZnS€L,, nm)/MgS(10 nm)/ZnSe(cap, 3—10 nmwere
fabricated with the growth temperature maintained at 240 °C
throughout the growth. Values df,,, the quantum-well The stabilization of excitons at room temperature by the
widths, were chosen to be 1.7, 3.3, and 10.0 nm. PL spectrsuppression of the exciton-LO phonon scattering is important
from these samples are shown in Fig. 3 where the spectrdbr high-performance optoelectronic devices. For example, it
widths of the emission peaks are consistent with fluctuationgs expected that an enhancement and a narrowing of the line-
of less than one monolayer at the interfaces. We have foundidth at room temperature of the excitonic absorption would
excitonic emission at 3.2 eV for the narrowest well, corre-be valuable in the case of modulators. Also, low-threshold

A. Highly confined excitons

195309-5



C. BRADFORDet al. PHYSICAL REVIEW B 64 195309

(a) 10 x 5 nm (b) 10 x 10 nm
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i ? | I\ HH: 2s | I\ HH: 25
s LHits
HH: 1s : 18
2.85 2.90 2.95 3.00 2.85 2.90 2.95
energy (eV)
FIG. 6. Magnetotransmission of multiple ZnSe quantum wells

0 K with 5.0 nm(a) and 10.0 nm(b) thickness in MgS barriers

_FIG. 5. Sketch of quantum-well exciton dispersion for a system  For a more detailed knowledge of the excitonic properties
with EX(1s-2s)>hv . of this system the exciton binding energies were measured

directly for the two samples shown in Fig. 4 by magne-

laser emission should be possible with excitonic gain, whic o . :
is much higher than that associated with a free electron-hoFOtransm'SSlon’ a technique_ already applied to the ZnSe/

o o > CIECTON-NOIZ L ~4Se by several autho#® The higher excited states of
plasma. Laser emission due to excitonic and biexcitonic gal% - . o .
e excitons such as thes2ransitions are not visible in the

mechanisms has been observed in ZnSe-based Structures’zé’ro-ﬁeld transmission spectra but the oscillator strengths of

,32,33.
several gro.upEl .for temperatures up to 150 K. However, the higher excited states of the excitons are increased when a
the strong interaction between the excitons and LO phonons e ; . .
magnetic field is applied parallel to the growth direction

usually results in the dissociation of the excitons at higher e .
) ; o : Faraday geometjy The transitions are then detectable in
temperatures, reducing device efficiencies. Scattering of ex;

citons by LO phonons leads to exciton dephasing resulting inhe transmls_smn spectra, as shown in '_:'g' 6, and these mea-
. . S : sured energies of the exciton absorption peaks are plotted
broadening of the exciton-transition linewidth.

lonization of excitons should be prevented in systemsagamSt the magnetic-field strength in Fig. 7. We note that

where all the excitations of the exciton have an energy Iarge?mce unpolarized light was used the expected Zeeman split-

X717 tings of the order of 0.5 meVRef. 38 were not observed.
than that of the LO phonon,. namely, fde"(1s-2s) . The exciton binding energy is obtained by extrapolating the
~hv o, due to the absence of final states for the Scatterlngransitions back to the zero-field values as shown in Fig. 7
proces?* as shown in Fig. 5. However, although one might L

. ) The magneto-exciton transitions are fitted using the model
X(1 e -
expect the relatiore"(1s-25)>hv o to hold only in low- Engbring and Zimmermarifthat includes the effects of

dimensional heterostructures such as those based on quantym . o ement potential in the well, the Coulomb interac-
wires and dots, it is clear that this phonon suppression can tﬁe '

achieved using MgS/ZnSe/Mg$S quantum wells, where Iarg%on and the magnetic field. Theslexciton states remain

Rydberg values are expected due to a confinement potentialEarly unaffected by the magnetic field as the carriers are

of 2 eV. -
\?‘L (@) 10 x5 nm (b) 10 x 10 nm
B. Measurement of the exciton binding energies 2 -

The magneto-optics absorption experiments were carried § _,/"H'l:ﬂs
out in an Oxford Instruments superconducting magnet ca- © 290¢ LH: 1s 286¢
pable of fields up to 14 T. A white light source was focussed GoTeTRR HH: 25
onto the sample held in helium exchange gas at 4.2 K and the ——
transmitted light was collected by an optical fiber and taken 2881 284 -M“
to the spectroscopy system described above.

In ZnSe the bulk exciton binding energy is 20 meV and HH: 1s HH: 1s
the LO phonon energy is 32 mé¥.Since the difference 286 L s X g gpLisToomm———
in bandgap between Zn$2.823 eV\f and MgS(>4.8 eV) is 6 & 10 1 0 5 10 15

in the order of 2 eV, the conditioE*(1s-2s)>32meV is
easily achievable in narrow quantum wells. Also, the large FIG. 7. Energy of exciton transitions versus magnetic field as

offset for both valence and conduction bands will preventmeasured by transmission for the same two samples shown in Fig.
thermal escape of the carriers from the well to the barrie6. The solid lines are a fit of the data with the model of Engbring

region. and Zimmermanri®
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sk TABLE Il. Parameters for the heavy-hole excitons obtained by
fitting the magnetic field and temperature dependencies.
S Well width  EJ,(1s-2s)  EJ,(19) To T'o
2 20 (nm) (meV) (meV) (meV) (meV)
feat 5.0 37.1 43.9 11.0 31.8
o 10.0 22.3 28.3 6.2 59.0
S 10r
0 80 100 180 200  2s0 300 wide quantum well the value fdrf o of 59.0 meV is very
temperature (K) close to that of 60 meV reported for bulk Zn&eFitting the

temperature dependence for the 5 nm quantum well with Eq.
FIG. 8. FWHM of the heavy-hole exciton transitions versus (3) this value is reduced to 31.8 meV for the 5.0 nm wide
temperature as measured by transr(nission and fitted witkdEtpr well, which is in good agreement with a value of
the same two samples shown in Fig¢) with well widths: (O and _ :
dotted ling 5.0 nm and(l and solid ling 10.0 nm. The solid line ggtoainse‘;mevf]:%rrﬁ ZnStgi,;Ser:r;zﬂ\r/leg_i(ezr;gnndljn?ulaerlritfﬁgsﬂon
through the measured values of the 5.0 nm well illustrates the tw% ectrosco ﬂzOAS can be seen in Fia. 8 the fit obtained with
regimes discussed in the text. P Py 9-

Eq. (3) is poor for the 5 nm quantum well. Therefore, a

tightly bound and the Coulomb interaction dominates overse_Cond _ﬁt of_the temperature dependencg of the exciton line-
the magnetic-field effects. For the 5.0 and the 10.0 nm widdVidth with this equation was performed with the LO phonon
quantum-well samples the s2heavy-hole exciton state energy as a fitting parameter to include phonon contributions

emerges at higher fields and the values obtained for the zef{)om the MgS barrier. The best fit to the experimental data

field 1s to 2s heavy-hole exciton binding energy separationsVaS obtained with a value df, =342 meV for a phonon

are 22.3 meV for the 10.0 nm well and 37.1 meV for the 5.06"€"9Y O_fth0:75 meV, cgmparable4t10 values for .GaN
nm well, hence the conditiofE},(1s—2s)>hv ¢ is ful- with FLO._37.5 meV anctho_—91.7_meV. Although an in-
filed. Also, for the 5 nm well, the corresponding exciton terpretation involving scattering with phonons from the MgS

binding energy of 43.9 meV corresponds to a remarkabl‘?amer gives a better fit, this explanation is unlikely as very
enhancement by a factor of 2.2 compared with the bulk Znséecently thte MgS p?or;)on&nerg)éh?slgeenhmﬁadsured b3t’ Ra-
value. This enhancement occurs because of the large diffef1@n Spectroscopy 1o be memetl. 19, which does no

ence in bandgaps and our calculations show that for the 11?egrreenet W[;t(?ngﬂref:;erdigsaltl:)efif[){hLSSma?]\(;. f(l)sr?r,nthlejaunstﬁn?fvseljl-s
exciton binding energy tunnelling effects only start to be P ) q ’

significant at well widths below one monolayer. In the 10.0;’;’]?52(;’;??5952\'\?: 'S?sglt'ca"y apart from the different well
nm wide quantum well the value for thes heavy-hole ex- ' pny )

citon binding energy of 28.3 meV is still larger than the bulk Thg rqle of mhomoge.neous broademng hqs 'to b.e taken
value, but the carriers are significantly less confined in thise?(pIICItIy Into account as '.t seems possible to distinguish two
sample. different temperature regimes for the 5 nm sample. For tem-
peratures up to 150 K the FWHM of the heavy-hole exciton
remains unchanged, whereas for higher temperatures its de-
pendence is similar to that of the 10 nm quantum well. These
To verify directly the effect of the large exciton-binding two regimes could correspond to a transition from the
energy on the stabilization of the exciton at higher temperaEﬁH(ls—Zs)>tho regime, where the exciton phonon scat-
ture the line widths of the heavy-hole transitions were meatering is suppressed, to thE},(1s-2s)<hv o regime,
sured and the results are given in Fig. 8, where the FWHMyhere ionization occurs. The changeover is thought to be due
of the heavy-hole exciton transitions is plotted versus temto inhomogeneous broadening of the éxciton level and
perature. The values were obtained from transmission specttppens when delocalisation, possibly through scattering

after removing the contributions of the buffer and cap layerswith acoustic phonons, becomes effective. Although
For individual exciton states the broadening can be written agX (1s-2s)>hv o holds for individual states the line

=T+ T 5T+ T o[ exp(hv oy 7) — 17174, (3y  Wwidths of which are defined by their spatial extensions, this
condition is not met by exciton levels broadened by around

wherel'g represents the inhomogeneous broadenihg,js 10 meV after delocalization in the narrow quantum well
the contribution due to the scattering with acoustic phononsample. Therefore, the suppression of the exciton-LO pho-
and I' o is the contribution due to the scattering with LO non scattering is partial, and is only complete up to tempera-
phonons. The values obtained by fitting the experimentatures of approximately 150 K. It should be noted that the
data with Eq.(3) are summarized in Table II. For the fitting errors for determining the FWHM of the exciton transitions
procedure, values of 3.0eVK™! for the 10.0 nm sample in absorption spectra increase with temperature. Further
and 5.0ueV K™! for the 5.0 nm sample were assumed for studies on a larger number of samples are needed to allow a
I',., in accordance with the work of Blewett al3® and an  better description of the influence of quantum confinement
LO-phonon energy of 32 meV was used. For the 10.0 nnon the exciton-LO phonon scattering process.

C. Exciton-LO phonon scattering

195309-7
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VI. CONCLUSIONS have provided a direct measurement of the exciton binding

A MBE growth technique has been used to grow thickEnergies for samples with different ZnSe well widths in MgS

layers of zincblende MgS. The method involves the use Oparrlgrs. Foa 5 nmwell a value of 43'9. mev was obtained
ZnS and Mg sources so that at the surface the Mg replacéasn,d is the largest va!ue re.por'ted for this material system. In
the Zn and only a small residual Zn remains in the Mgsthis sample, the exciton binding enerdy(1s-2s)>huv o
layer. The kinetics of the reaction are discussed and it i@nd due to the absence of final states of scattering, the broad-
concluded that the residual concentrations of Zn are not aRning of the transitions due to LO-phonon scattering in this
equilibrium concentration but is determined by the kineticssample should be diminished due to the suppression of the
of the reaction. exciton-LO phonon scattering. In fact, the value of the

High quality single and multiple quantum-well structures FWHM of the HH exciton transition linewidth for the 5.0 nm
have been grown and characterized by optical spectroscopguantum well is constant up to 150 K indicating a strong
The absorption line widths are comparable with ZnSeldecrease of the exciton-LO phonon scattering process in this

ZnCdSe quantum wells and magneto-optical measurementsgime.
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