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Interface-related in-plane optical anisotropy in GaAgAl,Ga;_,As single-quantum-well structures
studied by reflectance difference spectroscopy
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The in-plane optical anisotropies of a series of GaAgka _,As single-quantum-well structures have been
observed at room temperature by reflectance difference spectroscopy. The measured degree of polarization of
the excitonic transitions is inversely proportional to the well width. Numerical calculations based on the
envelope function approximation incorporating the effecCgf-interface symmetry have been performed to
analyze the origin of the optical anisotropy. Good agreement with the experimental data is obtained when the
optical anisotropy is attributed to anisotropic-interface structures. The fitted interface potential parameters are
consistent with predicted values.
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. INTRODUCTION GaAs/ALGa, _,As multiple QW’s under an electric field,
which was known as the quantum-confined Pockels effect.
The difference of chemical bonds along {i40] and the  The unusual electric-field dependence of a forbidden transi-
[110] directions reduces the crystal symmetry frdjpto  tion could be well explained by th&,, symmetry of
C,, for an (001-oriented semiconductor interface, and hasinterface€ The apparent effects d,,-interface symmetry
an important influence on the optical properties of quantunon the optical anisotropy in k&a, _,As/GaAs QW's were
wells (QW’s), especially in creating in-plane optical anisot- evidenced by reflectance difference spectroscpps).'?
ropy due to the mixing of the heavy and light hole at theByY using RDS technique, the hole-mixing coefficients due to
zone centet=* An ideal QW with symmetric interfaces has interface and electric field in GaAs/ABa _,As superlattices
higher D,y symmetry than an abrupt interface, and exhibitscould be determined experimentalfyand the different line
no optical anisotropy in the QW plane. In this case, the conShapes in symmetric and asymmetric GaAgBd, _,As
tribution of one interface to anisotropy is compensated by thQW's were clearly revealetf:'*Very recently, the important
other interface. A practical QW, however, always showsinfluence of the interface profile asymmetry on the optical

asymmetry in the growth direction to some extent, thus, th(ﬁnlsotropy has tbeent.cor:ﬂ(rjmedf t'r'? Cdl'l'e-t]ze:f]eq ?Afd\?\/s.
symmetry is reduced 65, .>*°An interface-related contri- | 'CWeVEl a systematlic study ot the roie of the interfaces on

bution to optical anisotropy is therefore expected, due to th(%he m—plane' optical an!sotropy of CA QW's was 'not at-
. ) empted until now. In this paper, we report a well-width de-
broken balance of the anisotropy of the two interfaces.

. . . pendence of optical anisotropies 0f00J1)-oriented
The asymmetry of a QW can be either bulklike or inter- aAs/ALG As single-quantum-well(S structures
facelike. Bulk asymmetry can be caused by an electric fiel LGa ge-a (SQW)

o e . . tudied by RDS. The DP of the ground-state transition is less
or compositional variation across the GWwhile the differ- 4, 1.5%, and varies inversely with the well width. On the

ence in interface bonds, interface composition praegre-  pagis of the generalized envelope function theory, including
gation effect, the anlsotroplc-lptlerface structures, etc., Maihe effect of theC,, interface symmetry, we clearly show
cause the interface asymmetry We are interested in the hat the observed well-width dependence of DP can be well

interface-related optical anisotropy of the QW due 1o thejpterpreted by the interface asymmetry arising from the
unbalance of the two interfaces. Because of the inherent NORmisotropic-interface structures.

equivalence of the interface bonds, the in-plane optical an-

isotropy in “no-common-atom{NCA) QW's is very strong,

and therefore can be observed easily by common Il. SAMPLES AND EXPERIMENTAL SETUP
polarization-resolved spectroscopy? The degree of polar-

ization (DP) between th¢110] and[110] directions is usu- A series of GaAs/A| 3Ga gAS SQW structures with dif-
ally of the order of 10% for such NCA-QW samples. Sinceferent well widths were grown or{f001) semi-insulating
“‘common-atom” (CA) QW's like GaAs/AlGa, _,As and GaAs at 630 °C by molecular beam epitaxy. The SQW was
InGaAs/GaAs lack the intrinsic nonequivalence of two inter-sandwiched between two thick &g _,As layers, about
faces, the optical anisotropy, if it exists, is believed to bel00 nm away from the surfacé&-nm GaAs and 95-nm
much less than that of NCA QW's. For this reason, so farAl,Ga, _,As.) All epilayers were intentionally undoped. The
there are few experimental data that allow detailed discusrelative reflectance difference between fhé0] and[110]
sion of the interface-related optical anisotropy in CA sys-directions,Ar/r=2(r 19— 110)/(r 110" 110), Was measured
tems. Kwok etal. reported optical anisotropy of by the RDS technique at room temperature. The setup of our
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RDS is almost the same as Asprasal,’’ except the posi- 10 F— — g
tion of the monochromator. The light from a 250-W tungsten i
lamp goes sequentially through a monochromator, a polarizer
(Glan-Taylor prism, a photoelastic modulator (PEM-80),

and then is reflected by the samples, and goes through an
analyzer(Glan-Taylor prism, and finally is focused on a
silicon photodiode. The anisotropic dielectric function of the R e e ML A
single-QW structure between th€10] and[ 110] directions,
denoted as\e=¢&1;0— €119, iS related toAr/r through the
equation
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with the phase shift¢p of the cap layer given byg¢ Photon energy (eV)
=4mng/\. Hereng (&) is the refractive indexthe dielec-
tric function) of the matrix materialt is the thickness of the FIG. 1. (a) RD spectra andb) AR/R spectra of a series of
cap layer,w is the well width, and\ is the wavelength of GaAs/Al 3GayeAs single-quantum wells with various well
light in vacuum. From Eq(1), one can determinde from widths. The numbers in th&R/R spectra indicate the well widths.
RDS results. All spectra are measured at room temperature.

In order to obtain DP of the samples from RDS spectra,

one has to do reflectance measurements. Denoting the reflefy 1E peaks. The absence of the 1E peak for the 18-nm
tance of a SQW sample &sand the reflectance of the s?mi- sample is due to the small energy separation betwé&hEL
lar sample without the SQW layer &, we then can define 5,4y 1E (about 6 meV. With decreasing well width, the

a new spectrum, i.eAR/R=(R—Ry)/Ry, which is given AR/R peaks of H1E and 1L1E broaden and decrease in

by intensity due to interface roughness and alloy compositional
AR 47 wiel?(e—e) fluctuations in the b.a(riers. Compared to th&/R spectra,

?=2 Re — N(o—1 , (2)  the RD spectra exhibit much different line shapes and well-

(2s=1) width dependence. The five RD spectra show a similar reso-

wheree = (e11¢+ £110/2 is the averaged dielectric function nance structure in the range of thel1E and 1L 1E transi-
of the QW layer. This equation means that the averaged diions. As indicated by the arrow pairs in Fig. 1, the resonance
electric function of the QWe) can be obtained from reflec- structure mainly consists of one positive peak and one nega-
tance measurements. For QW structures of high quality, resdive peak with approximately equal intensity, which is more
nance structures arising from band-edge optical transitions iglear for the samples with narrower well width. This polar-
the QW’s can be observed in the spectra of battir and  ization characteristic means that thel1E and 1L 1E tran-
AR/R. In this case, the DP of the transitions, which is de-sitions have opposite optical anisotropy. The most striking
fined as M 110~ M110)/(M 110+ M 10) in the literature #1,,,  feature of RD spectra is that the optical anisotropy HflE
denotes the transition probability with light polarized alongand 1L1E, as a whole, increases with decreasing well width,
the [110] direction, can be determined straightforwardly Which is in contrast to the behavior of théi1E and 1L1E
from their intensities im\r/r and AR/R spectra. Noting that transitions inAR/R spectra. In addition, all samples show
Ae is proportional to #110— M;10) While e —¢4 is essen- additional structures at+1.88 eV in the RD spectra. In Fig.
tially proportional to M 119+ M110)/2 with the same coeffi- 1(a), only the structure of the 1-nm sample is plotted. Ac-
cient, one immediately obtains BRAr/r|/|AR/R| accord- ~ cording to their energy positions, these structures are no
ing to Egs.(1) and (2). Here|Ar/r| and |AR/R| are the doubt assigned to the exciton of theoAlGa sAs layers.
intensities of the discussed transition in the spectraiof ~ Such optical anisotropy probably comes from residual elec-
and AR/R, respectively. High quality of our tric field or residual strain in the layers, and will not be
GaAs/ALGa _,As QW samples enables us to obtain DP bydiscussed in this paper.
this method. The DP of H1E obtained from RD and R/R spectra by
DP=|Ar/r|;y1e/|AR/R| 141 is presented in Fig. 2. Here
Il EXPERIMENTAL RESULTS |Ar/r|1n1e is the intensity of the H1E transition in RD
spectrum, which is given by one half of the peak-to-peak
Figure 1 shows the real part of RD aidR/R spectra of amplitude of the H1E and IL1E resonance since this in-
five SQW samples with different well widths measured attensity of the optical anisotropy is equally shared by the two
room temperature. In eachR/R spectrum, two negative transitions. Clearly, the DP ofH1E of all samples is less
peaks, originating from the excitonic transitions between thehan 1.5% and has a linear dependence on the reciprocal of
first subbands of conduction and valence baEmed as the well width. This well-width dependence strongly sug-
1H1E and 1L1E), are observed except in the sample with agests that the observed optical anisotropies are related to in-
well width of 18 nm. As expected, the intensities of theterface effects, as verified by the following calculations. In
1H1E peaks are about three times larger than those of thaddition, the small value of DP explains why it is very dif-
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1.5 e e free electron mass, araj, is the lattice constant. For GaAs/
O experimental data ] AlAs heterostructures; _, is determined to be between 0.32

- electric field and 0.9, leaving the interface potential param@gwarying

A atomic segregation ] in the range of 0.2-0.6 eV A. The other modkhown as
' anisotropic interface structures 3 Hgr) suggests thaP, is related to the valence-band offset

AE, of the interface throughPo=a,AE,/4v3.” Adopting
AE,=0.6 eV for GaAs/AlAs interfacegsat room tempera-

Degree of polarization (%)

0.5}) ture), one getsP,=0.5eVA, in agreement with that of
" Ivchenko and Kaminski. Therefore, the theoretical value of
P, for the discussed GaAs/MGa sAS interfaces should
. . be in the range of 0.07-0.22 eV A by linear interpolation.
0l

0 2 '4" 5 8 10 12 14"‘16 18‘ : 2 Based on t_hg Luttinger >4_4-h0|e Hamilto_nia_n ar_1d the
Well width (nm) fabove hoIe—mxmg .Ham|lton|an, the electric-field-induced
in-plane optical anisotropy of GaAs/ifMGa) s AS SQW
FIG. 2. Degree of polarization of theHIE transition in  Structures can be calculated straightforwardlffhe dotted
GaAs/Ab 2Ga, s As single-quantum wells as functions of the well CUrve in Fig. 2 shows the calculated DP dfi 1E at the zone
width. Circles are experimental data, curves are the calculated og:enter k,=k,=0) when the QW’s are subjected to a re-
tical anisotropy induced by an electric field of“l@/cm (dotted,  sidual electric field F=10" V/cm). In the calculations the
atomic segregatior(dashedl and anisotropic-interface structures interface potential parametét,=0.144 eV A (corresponds
(solid), respectively. to Po=0.4 eV A for GaAs/AlAs interfacesis adopted, and
the other parameters, such as the band offsets and the effec-
ficult to study such optical anisotropy by the common polar-tive masses, are the same as those in Ref. 13. It can be seen
ized transmission or photoluminescence measurements. that the optical anisotropy of H1E first decreases and
reaches a minimum at about 2 nm, and then increases almost
IV. OPTICAL ANISOTROPY INDUCED BY ELECTRIC linearly with the well width. Obviously, it is in contradiction
FIELD (QUANTUM-CONFINED POCKELS EFFECT ) with the experimental results. This kind of well-width depen-

] ] ) ) __dence remains unchangable even if the strength of the elec-
As is well known, the in-plane optical anisotropy of QW’s yic field and/or the value oP, are modified.

is attributed to the mixing between heavy and light hGIEs.  Note that the electric fields in all the samples are not the
For an(001-oriented SQW with perfectly abrupt interfaces same. However, since all samples have a similar structure, it
atz=+w/2, the hole-mixing induced by an electric field and js not reasonable to assume that the built-in electric field
the two interfaces can be included in the frame work of thgncreases with decreasing QW well width. Actually, we ob-
classical envelope function theory by a perturbationserved no electric-field-induced Franz-Keldysh oscillations
Hamiltonian, above the band edges of GaAs or @& _,As in the photo-

a a reflectance spectra of these samples.
H'={DdF +[Pd(z—W/2) — PoS(z+wWI2) T} Iy}
3

V. OPTICAL ANISOTROPY INDUCED BY INTERFACE

with ASYMMETRY
O i 0 O There is much evidence indicating nonequivalence of in-
i 0 0 o terfaces in GaAs/AlAs QW’é‘?‘_22 It is found that atomic
{jxj }= . (4 segregation always leads to wider alloy regions at AlAs-on-
Y 0 0 0 i GaAs interfaces as compared to GaAs-on-AlAs interfaces,
0 0 —-i O and the AlAs-on-GaAs interfaces also exhibit anisotropic in-

plane structures or anisotropic interface defects elongated
Here F is the electric field along the direction, D is the a|0ng[:_|_]_0 ,19120 which are probab|y related to Step energy
deformation potential of the valence bamt], is the piezo-  anisotropy on the reconstructed GaAs surficéd.We be-
electric constantP is the interface potential parameter de- jieve that both effects can occur in the GaAs®& _,As
scribing the effect ofc,, interface symmetryJ, andf]y are  system and contribute to the observed optical anisotropy.

the angular momentum operators, and the bases in4iq. The effect of interface composition profilegnduced by
are the atomic segregatioron the interface potential parameter
can be included into the calculations straightforwardly by

33|13 11|31 3 3 substitutingd V(z)/dz for the & functions in Eq.(3), suppos-

E’EHE'_ §>’ §’§>' and E'_§>' ing the composition profile is given by(z).?° As to the

anisotropic interface structures, clearly, they also reduce the
There are two theoretical models estimating the value ofocal symmetry at the interface. If the averaged principal
Po. Ivchenko and Kaminski show that the value Bf is  axes of the anisotropic-interface structures are identical with
given byt,_%2/2mya,,* where the dimensionless parameterthose of the interface bonds, it is reasonable to assume that
t,_,, characterizes the anisotropy of the interfacg, is the  the anisotropic-interface structures have essentially the
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same symmetry reduction effect as the interface bonds. Y VAL

Therefore, the total C,,-symmetry anisotropy of the 1 ;(a) - E
Al,Ga, _,As-on-GaAs interfaces will be enhanced or weak- o of T liiirereeenns 3
ened, which can be taken into account simply by introducing < 1k ey ER R F
a new interface potential parametey larger or less than 8 ,F 7 - —HIE}
Po. S G Errebrb T T
Now it is easy to include into the calculation the effects of 2 1B ®) 3
interface composition profile and anisotropic interface struc- ok %_ e 3
tures. Supposing an exponential composition profile with a Ak, . E
decay length to account for the segregation effect at the Py
=w/2 interface, the confinement potential for the :(') : é : “1 : é 'é 1'0 1'2 1'4-1'6'1'8 2'0 2'2
GaAs/ALGa,_,As QW takes the fordf Well width (nm)
z—w/2 ) ) . )
[@(—z—w/2)+(z—wl2) 1—ex;{ — i )H FIG. 3. Calculat_ed anisotropic transition st_rengthM in
GaAs/Al 3Ga gAS single-quantum wells as functions of the well
( width. The optical anisotropy is induced lfg) atomic segregation

where®(z) is a step function, which equals to 1 far-0  and(b) anisotropic-interface structures.
and vanishes otherwise. Accordingly, the interface—relate(ll:,_P
-

terms in Eq.(3) are modified as —Py. One can fix the value oP, in the theoreti-

cally predicted rangdfor example,P,=0.144 eV A) and
P, 7—w/2 o useAP as a free parameter to fit the experimental data. The
I—ex;( S )@[(Z—W/Z)—P05(Z+W/2)]}{JXJ),}. calculated result wittAP=—0.016 eV A is shown as the
©6) solid curve in Fig. 2, clearly producing thewldependence
and fitting the experimental data very well. The correspond-
When| approaches zero, i.e., no segregation occurs, the exag AM of the IH1E, 1L1E, and H1E transitions are
ponential term in the above expression reverts ®fanc-  shown in Fig. 8b). Regardless of the well width, one always
tion. The difference betweeR; and Py, AP=P;—Pq, is  hasAM,y;e<<AM;41e=~AM; . It means that the optical
used to characterize the anisotropic-interface-structure effecinisotropy in the RD spectra should come from thé1E
If there is only the atomic segregation at the and iL1E transition, which is just what has been observed in
Al,Ga _,As-on-GaAs interfacéi.e., P;=P;), one has two Fig. 1. The above discussions strongly suggest the observed
free parameters?, andl, to fit the experimental results. It is optical anisotropy results from the anisotropic-interface
reasonable to assume that the segregation decay is about sewuctures. Because ohP=—0.016 eVA, we haveP,
eral monolayergML) in the AlLGg _,As-on-GaAs system. <P, which implies that the AlGa, _,As-on-GaAs interface
Assumingl=2 ML, the experimental data can be fitF,  has lower C,,-symmetry anisotropy than the GaAs-on-
=0.864 eV A (see the dashed line in Fig).However, as  Al,Ga,_,As interface due to the effect of the anisotropic-
discussed before, the both models of Ivchenko and Kaminskhterface structures. However, considering the uncertainty of
and Hgg predict thatP, is less than 0.22 eV A for the the sign of the RDS measurement, it is also possible that the
GaAs/Al 3G gAs interface. ClearlyP,=0.864 eV A is at  experimental DP of H1E has negative signs instead of
least four times larger than the value predicted theoreticallypositive signs shown in Fig. 2. In this case, we obtAiR
Moreover, if the optical anisotropy is indeed induced by the=0.016 eV A, leading t&®,>P,. Therefore, due to the sign
segregation effect, then the optical anisotropy of thelE  uncertainty of RDS, we still cannot distinguish which R
and H1E transitions should be much larger than that of =0.016 eV A or—0.016 eV A is the real case from the RDS
1H1E. Figure 3a) shows the corresponding well-width de- experiments presented in this paper. Further research effort is
pendence of the anisotropic transition strengthll=M ;5  needed to elucidate which interfa¢GaAs-on-ALGa, _,As
—Myy, of the IH1E, 1L1E, and H1E transitions. Here or Al,Ga _,As-on-GaA$ has higherC,,-symmetry anisot-
M110(M140) denotes the optical transition intensity for light ropy when there are anisotropic-interface structures at the
polarized along th¢110] ([110]) direction. ObviouslyAM  Al,Ga _,As-on-GaAs interface. One possible method is to
of 1L1E and H1E are about 5-10 times larger than that of study the optical anisotropy of the QW's subjected to a var-
1H1E. Noting thatAe is proportional taAM, this result will  ied electric field. Calculations show that more detailed infor-
lead to the conclusion that the resonant structures in the Rbhation of interfaces, such as the signAo®, can be clearly
spectra come from thelflE and 2H1E transitions. This is revealed from the electric-field dependence of the optical an-
definitely in conflict with the experimental results shown in isotropy.
Fig. 1, where the anisotropic signals can only be attribute to A perturbation approach can help us understand the above
the IH1E and 1L1E transitions. Therefore, the observed results. If there is a mixing betweenH and nL caused by
optical anisotropy cannot be attributed completely to the segH’, it is found that the anisotropic transition strength of

regation effect. 1EmH (mH denotes thenth heavy holgis proportional t&*
While if there is only anisotropic-interface structures at

the ALGa _,As-on-GaAs interfacdi.e., | =0 ML), the in- (LE[mH)(mH|H'|nL)(nL|1E) o

duced optical anisotropy is expected to be proportional to |Emu—Endl '
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Here (1E|mH) and (nL|1E) are the overlap integrals be- son between calculated results and RDS spectra indicates
tween the discussed electron and hole stdte$j|H’|nL) is  that the segregation lengtishould be less than 2 ML. By the
the hole-mixing strength betweemH and nL, and |[E,,;  same method, the weaker atomic segregation effect at the
—E,.| is the energy separation betwestH and nL. The = GaAs-on-AlGa, _,As interface can also be included into our
anisotropy of H1E mainly comes from the coupling ok  calculation model for further discussions. However, our cal-
with 1L while that of ZH1E mainly comes from the cou- culations show that this detailed consideration leads to no
pling of 2H with 1L. In Case Il P,;#P, and |=0), essential modification to the above conclusion that the ob-
(1H|H'|1L) becomes nonvanishing due By # Py, which ~ served optical anisotropy is dominated by the anisotropic-
leads to anisotropies forH1E and 1L1E. In the mean interface structures. Therefore we will not discuss this case
while, one always ha&lE|2H)=0 due to the different pari- in detail.

ties of 1E and 2H. Therefore no anisotropy is expected for

2H1E although there is strong mixing betweehl Zand 1L . IV. CONCLUSION

This is just what is shown in Fig.(B). In case | ;= Py and

[ #0), the parities of the wave functions of all electron and
hole states are lost due to the segregation efleeD(). Con-
sequently, all terms of the expressitf) vanishing atl =0,
such ag1E|2H) and(1H|H’|1L), become nonzero, and all
allowed and forbidden transitions exhibit optical anisotropy.
However, since (2H|H'|1L)>(1H|H'|1L) and |E,4
—Eq.|<|E1y—Eq.|, the anisotropy of BI 1E is much larger
than that of H1E. These are just the results shown in

We have observed the in-plane optical anisotropy in
GaAs/ALGa _,As SQW structures and its inversely linear
dependence upon the well width by RDS measurements. On
the basis of the envelope function approximation, we have
calculated the optical anisotropy induced by electric fields,
interface composition profile due to atomic segregation, and
anisotropic-interface structures. It is found that the experi-
mental results can be well explained only by the anisotropic-
interface structures. The obtained interface potential param-

Fig. 3_’(a). . . eters agree well with the values predicted by recent models.
It is necessary to discuss the combined effects of th(bur analysis reveals an important influence of the

a_tomic segregation and the anisotropic-interface Strucmrez?nisotropic-interface structures on the in-plane optical an-
since both cases can actually occur at the

. .~ Misotropy, which means that a detailed analysis of in-plane
AI)SGai_XAs-on-_GaAs interface. We have calculated Optlcaloptica?yr:misotropy can serve as a new poweyrful tool fopr the
anisotropy at different values ofwith P;=0.144 eV A and investigation of the interface properties
P,=0.128 eV A, and found that the increasel dfom zero '
greatly enhances the optical anisotropy €flE and 2ZH1E
while that of IH1E stays almost unchanged. Whén
=3.5 ML, one ha’l\M 11~ AMoy e~ —0.5AM ¢ ¢, i.€,, This work was supported by the National Natural Science
the anisotropy of PI1E becomes comparable to that of Foundation of China under Grant No. 69906003 and the spe-
1H1E. It means that a structure related tbl PE should be cial funds for Major State Basic Research Project No.
observable in RDS spectra fore 3.5 ML. Careful compari- G20000683 of China.
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