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Light scattering from slightly rough semiconductor surfaces near exciton resonance
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The phenomenon of light scattering by a randomly rough surface and fluctuations of the excitonic surface
potential is investigated by means of a first-order perturbation theory. We employ the generalized Morse
potential to describe both intrinsicepulsive potentials and extrinsic near-surface potential wells. Frequency
and angle dependencies of the light-scattering cross section are calculated. A considerable increase of the
scattering cross section, as the correlation between the surface roughness and the excitonic potential fluctua-
tions diminishes, is observed. Our theory describes very well available experimental results for samples with a
repulsive surface potential. Also, the optical manifestation of excitonic bound states, generated within a
surface-potential well, is analyzed. We find that the near-surface localized excitons produce a resonance
structure in the spectrum of the light-scattering cross section, which is very sensitive to the degree of corre-
lation between surface roughness and potential-well fluctuations.

I. INTRODUCTION This barrier produces a near-surface layer, where excitons
are abseni(exciton-free layer or dead layéy. For many

For a long time the phenomenon of light scattering fromyears, this model was widely applied for interpreting reflec-
rough surfaces had been a topic of great interest to researctivity measurements. However, the dead-layer model has
ers(see, for example, Refs. 1-17This phenomenon is no- various problems®? (i) appropriate ABC at the fictitious
tably affected not only by the characteristics of the surfacenterface have to be specifiedi) it cannot describe the re-
profile of the irradiated medium, but also by its bulk optical flectivity distortion associated with the finite slope of the real
properties such as spatial dispersion or nonloc&fityhis  (continuou$ surface potential for the translational exciton
property of the medium leads to a wave-vector dependencaotion, and(iii) the fits based on this model are not suffi-
of the dielectric function and to the generation of additionalciently accurate for I1I-V semiconductors, having relatively
electromagnetic modes that influence upon a variety of optismall longitudinal-transverse splitting. In a set of paffers
cal spectra. In particular, spatial dispersion has a significarthe dead-layer model was also used to analyze light scatter-
effect on light scattering from rough surfaces of metdlifc ing from rough surfaces. There it was shown that surface
and excitonic*®®media. roughness gives rise to fluctuations of the inner boundary of

In the case of excitonic crystals, besides nonlocal effectghe dead layer, which affect considerably spectra of the light-
the interaction of the exciton with the sample surface plays &cattering cross section.
fundamental rolé® In a simple approach, this interaction can A trustworthy description of the surface-potential shape
be taken into account by choosing appropriate additionatequires the use of a model more sophisticated than the dead
boundary condition’s (ABC) needed to determine the am- layer, especially when the potential has an extrinsic contri-
plitudes of the generated modes, since the usual Maxwebution, which can be caused either unintentionally during the
boundary conditiongcontinuity of the tangential electric and process of crystal growth or by surface treatments. Indeed,
magnetic fields at the sample surfacare not sufficient. electro*2® and iorf’?° bombardment, intense
Within this approach the spectra of light scattering turn outllumination**~*3heating®* and the application of an electric
to be fairly sensitive to the choice of the ABC as is shown infield®?3% give rise to a near-surface space-charge region
Refs. 8 and 9. and, consequently, a macroscopic electric field with which

The interaction of excitons with the sample surface carexcitons interact?**3"Due to this interaction, an attractive
also be described by using a surface potefifil.crystals of  part in the surface potential can appear, and thus a potential
relatively high quality the surface potential is given by in- well may be formed. The generation of exciton bound states
trinsic contributions, which are determined, principally, by within near-surface potential wells and their manifestation in
the no-escape condition for the electron and fifleand the ~ optical spectra for samples with ideal flat surfaces have been
image potentiaf®?? As a result, the intrinsic potential repels widely analyzedsee, for instance Refs. 19, 25, and 36)-40
excitons from the near-surface regithiThe simplest model Today it is well established that reflectivity spectra exhibit
for such a potential consists of an infinite barrier at certainbroad peaks(transverse resonance$'™*j at frequencies
distance from the surface, of the order of the exciton radiuswt, close to the eigenvalues of excitonic bound states. More-
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over, the coupling of the localized excitons with the electro-Here, the angle brackets denote an average over the en-
magnetic field inside the semiconductor depends strongly osemble of realizations of the functiafj(r|) andL, is the
the polarization of the incident light:*>4* As a result, the correlation length I(,> §,).

resonance structures of reflectivity spectra $gpolarized The incident field has the form
light andp-polarized light turn out to be very different. In the R R R
p-polarization geometry, additional resonanc¢eips) appear E;i(r,t)=E;[coso(x cos#;—zsin6;) +ysina]

in the reflectivity spectra. The new resonances are associated
with quantized polarization waveflongitudinal modeg
whose eigenfrequencies,_ , are shifted with respect to the
frequencies wy, Of transverse resonances as,= wrtp
+ w1 (Refs. 40 and 44(w_ 1 is the frequency value of the
longitudinal-transverse splittingThe longitudinal modes are

well identified by employing 45° reflectometfy. ized. Applying perturbation theory up to first order ki,

6 . . _ . _
. Rec_ently‘,‘ the manlfestatlon Qf near-surface localized ex <1 anlegr(r“)|<1, the scattered field can be expressed as
citons in spectra of light scattering from rough surfaces was

investigated theoretically by us. In that work, a model for the E.=gQ@4+g® 3
surface potential that takes into account its random fluctua- ¢ Tse mser

tions produced by the surface roughness, was employed. Byhere the zeroth-order field

assuming a complete correlation between potential-well fluc-

x @l (kact kg —iot )

wherek,=ksiné (kj=kX), k,=k cosé, k=wl/c,  is the
frequencyc is the velocity of light in vacuum, ané; and o
are the angles of incidencim thexz plane and polarization,
respectively. Ifo=0 (7/2) the incident wave ip (S) polar-

tuations and surface roughness, it was shown in Ref. 46 that E(s(();)(r:t):[EEJO)(kx)()’i cos6; +zsin6;)
a resonance structure in the spectrum of light-scattering cross ©O) 1 1 (ko ko2) it
section appears because of the generation of exciton bound +Eg(kyyle't : (4)

states. The assumption of complete correlation between p
tential fluctuations and the surface profile is an importan
limitation of our previous theor§? since the presence of d2k!
impurities or defects in the near-surface layespecially in EQ(r.t)= j _“Eglc)(k”r)ei(ku’-erKQZ)fiwt, (5)
an extrinsic transition layer can diminish such a (27)?
correlation>* and therefore both frequency and angle de-
pendencies of the light-scattering cross section may be aI—E(slc)(k”’):?[Egl)(kﬁ)(i’ cosf’ +7 sin 9’)+Eg1)(kH')§/'],
tered.

The aim of the present work is to investigate theoretically . . o
the light scattering from slightly rough semiconductor sur-wherex’ =k|/kj (kj=|k}|), Z =z andy' =z’ xx'; T is a
faces near exciton resonance, particularly when the surfagetation matrix with nonzero eIemenlExx/:Tyy/:k)’(/kﬁ ,
roughness and the excitonic potential fluctuations are nor,,, =—T,,,=—k//k/ , andT,,=1; ¢’ is the angle of scat-
completely correlated. In Sec. Il we present in detail thetering in the x’z’ plane, k!, =ksin¢', and k;,:(kZ
theoretical formalism applied to calculate the light-scattering_ (k.,)?)Y2=k cos#’
cross section for a semi-infinite excitonic medium. In Secs. Inxs,ide the semic<-)nductor the electric figdand the ex-
Il and IV, we study the effect of the degree of correlation ., "~ o T
between potential fluctuations and surface roughness opjtonic P‘;‘g‘“za“onp are described by a system of coupled
light-scattering spectra in the cases of intrinsic and extrinsi¢auations.
transition _Iayers,_respectively. We compare our theoretical V2E—V(V-E)+ e, k?E= — 47k?P, @
spectra with available experimental results for samples of

%’nd the first-order field is given by

relatively high quality (Sec. 1ll). The spectra of light- 2

i . . hoT ) 2wrU(r|,2) wp
scattering cross sections in the presence of near-surface lo- | - ——v24 42— ,2—jipw+ —r—|P= —E,
calized excitons are analyzed in Sec. IV. M h Am ©

wheree,, is the high-frequencybackgroundl dielectric con-
stant,M is the translational exciton masse; is the exciton
A. Formulation of the problem resonance frequencywp is a measure of the oscillator

Let us consider a system consisting of a semiconductor if"€Ngth, and the damping constantescribes the lifetime
the regionz>{,(r|), whererj=(x,y,0), and of vacuum in broadening. The wave equatigi) for_E is thamed from
the regionz<{,(r)). Here, the functiort,(r;) describes the Maxwell equations, and Ed8) for P is derived from the
profile of the semiconductor surface, which is assumed to b&*Citon motion within the adiabatic approximatibh.
slightly rough and random with small S|0pHg§r(fH)|<1] Due to the surface roughness, the' surface potebtiad
and a small characteristic deviatiop from the average sur- Ed-(8) depends not only on the coordinaebut also orr .
face z=0. The function,(r;) of the surface profile is a If the sermconductor surfgcg is ;ufﬂmently smooth such. t.hat
zero-mean, stationary, Gaussian random process, determinkd™ @ (@ is the characteristic size of the surface transition
by the properties layen, the exciton mte.ractk)cally with a flat region of the

smooth surface. In this case, the surface potential depends
) 2 2 parametrically onry and is given by U(r,z)=U(z
(G(r))y=0, (&)= exdl|r—r[PIL7]. (D) —{:(r))), whereU(2) is the potential for an ideal flat sur-

Il. THEORY
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face. Assuming a very small roughnesk<€a), we can ap- Using Eqs.(13) and(14), we can rewrite the system of Egs.
proximate the surface potentidi(r;,z) up to linear terms in  (7) and(8) in the form

I
. 47k?PO+V2EQ) —v(V.EO®)+ ¢ k?’E®=0, (15
U(z)
U(I’H,Z)f\"’JU(Z)——fr(I’“), o,<<a<lL,. 9
dz hot _, 5, 5 . 201
. . _ . -Vt —ivet+——(Ue??
Let us emphasize that E¢P) is valid when there is a com- M h

plete correlation between the fluctuations of the surface po-
tential and the profile of the rough surface. As was men- +U,e 223
tioned in the Introduction, the presence of impurities or

defects in the transition layer can substantially diminish such

a correlation. In describing the latter situation, we shall as- 47k?PO+VZED - v(V.EM) + ¢, k’ED=0, (17)
sume here that the potential fluctuations, produced by the

two kinds of disorder(surface roughness and near-surface hot 2wt
defects, are sufficiently small to be treated as a perturbation. [— WV2+ wi—w’—ivo+ T(Ule’z’a
Hence, we can use an expansion of the real surface potential

U(ry,2) similar to Eq.(9),

2
w
p(0)— ﬁE@): 0, (16)

2
w
—2z/ay [p(1)_ P =(1)
+U,e )}P 47TE

duU(z) :
gf(r“), or<<a<< mln{Lf Ly ,er},

U(r”,z)=U(z)— dz

20 r
(10 = 2om i) e da 20,07 2p0), (19

where the functior{;(r|) is also a zero-mean, Gaussian ran-
dom process, characterized by the following statistical prop- The solutions of Eqs(15) and(16) describe the exciton-
erties: polariton fields in the absence of both potential fluctuations
and surface roughness and have been analytically calculated
(&5(rp)=0, (gf(r”)gf(ru’»:ﬁf eX|:[|r”—rﬁ|2/L$] in Refs. 39 and 40. Since those solutions are necessary to
(1))  obtain the first-order polaritonic field#*) andE™ in Egs.
(17) and (18)], below we shall present them in a compact

and
form.

(G rp&sr))= 68 S exd [ —rfl?/LE]. (12

Here 6; and L are the average value and the correlation )

length of ¢;(r|), respectively;L ¢ is the mutual correlation ~ According to the assumed geometry of the problem, we
length for functions ¢ (r) and £i(rp), and x c?or; rewrite the system of Eqd.5) and(16) in terms of only
=(£,(0)¢4(0))/(5,8;) is a correlation coefficient satisfying P components as follows:

the condition|x,¢|<L,L{/L3<2L,L/(L2+L%) <121 n . . .

our model (10) the random part of the potentidl(r,z) 04P§,) A ﬂ2P§,) JA 8P§,)

depends statistically only or, whereas itz dependence is o7 +[B+A] 972 +ZE 9z
deterministic. As we will see below, although the chosen

B. Zeroth-order solutions

model(10) for the potentiald(r|,2) is quite simple, it turns 92A o
out to be good enough to interpret and reproduce experimen- T BA+ —— ak? P(y )=0, (19
tal spectra of light scattering not only in the case of high 9z
correlation between the potential fluctuations and the profile
of the semiconductor surfagé;(r)~¢,(r|)], but also when PO oP© A © #?P{
such a correlation is low. iy P 9z + EPX A=y
Considering that the excitonic potentid(z) for an ideal z z
flat sqrfggeo is well modeled .by the generalized Morse +[ak?- pAIP =0, (20)
potential*®“° the surface potentidl (r;,z) (10) can be ex-
pressed as 4p () 2PO g5 gpO 2A
U(r),2)=Use 22+ U e 2724 £(r)) g TLBTAlT 2, o | PAY
X —zlay —2z/a ) )
(U.e 2U,e )/a (13 ak?B o ik, ark? 07P§0) -
This form of the surface potential allows to solve analytically 2,75 Py = eip oz =0, (21
the system of Eqs(7) and (8). Indeed, let us write the x x
exciton-polariton field€ andP in terms of only zeroth- and \yhere
first-order contributions ks, <1, |V{|<1, §,/a<1, and
ofla<<l: 2
wpM
a=——, B=ek’—k2, (22)

E=E@+ED, p=pO+pl), (14) hot’
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M . o 207 . o Using Egs.(17), (18), (28), and (29), we get a system of
A(Z):h_wT o= wrtior— ——(Ue "+ Ue ") equations for the Fourier transform&®(k{,z) and
PM(k{ ,2) in the coordinate system'y’z:
—k2. (23)
('7'2
In obtaining Egs.(19), (20), and (21) we have taken into — A’ P,(l)(k”’ 2)+Fi(k|,2)
account that the zeroth-order fields are proportional to Jz
exggk,éx). The solutions of these equations can be written o
4 IR = ¢ A Y N
2 )
(0)( ) = (0)aikmz —nzla 92
PYIZI= & ARlelT 2 ayme 0 (24 B B 2= —ankePlG2), (@D
z
3 4]
(0)( ) — (0) pikpmz  anZa i 52 J
PJ (Z) mEZI Bm e-m ngo aj,nme y JEXZ. (25) ﬁ"'fockz Ef(%)(kﬁ ’Z)_IkH,EEgl)(kH/ ,Z)
z

Here k,, (m=1,2,3, Imk,,>0) is thez component of the
wave vectors for polaritonic modes that propagate in the bulk
where the surface potential is negligibl& (z) —0]. The
qyantitieskl andk, correspond to transverse modes and are .’ iE(%)(k’ ,Z)_IB!E(l)(kr 2)=47k2PO(K! ,2).
given by I 57z =x" ‘B z K| z K|

= —4mk?P (K] ,2), (32)

(33
K 2:(% ﬁ'V' (0= 02t iwv]— Kot B Here a is defined as in Eq22), B'= e.k?~ (k{)2, and
, P
M 2w
M ) , |2 vz A (2)= +—| 0’ witiov— ——(Uje 72+ U,e 23
+ m[wz—wT-va]—kx—,B +4aé hot h
T
—(k[)?. (34)

(26)
QuantitiesFj(k| ,z) (j=x",y’,z) in Eq.(30) are the compo-

The modem=3 in Eq.(25) is a longitudinal one, for which nents of the vector

/
ko= l[wz—mz+iwu]—k2— wpM | (27) , 2M ~2la ~27/a
"\ for T e hor F(K| ,z)=—%(ule +2U,e )

The coefficients ,m (j =X,Y,2) in series(24) and (25) are X ¢(K] —kH)'T"lP(O)(z) (35)

found from recursion relations, which are straightforwardly

obtained by substituting these series into E@9), (20), and  whereP(°)(2) is the zeroth-order excitonic polarizatifsee
(21). We will not present here the recursion relations forggs. (24) and (25)] and ¢;(k{) is the Fourier transform of
a; nm because of their cumbersome form. Finaly) and  ¢(r)),
B in Eqgs.(24) and (25) are the amplitudes of the zeroth-

order fields to be calculated by using boundary conditions.

The expression for the electric fiel®) is easily derived

from Eqgs.(16), (24), and(25).

gf(kﬁ)=f d2r”e—“<u'-fugf(ru). (36)

After eliminating the electric field from Eq$30-33, we
C. First-order solutions get an inhomogeneous system of equationstﬁﬁ(kH’ ,Z)
' (j=x',y’,2) in the form

In order to solve the system of Eq&l7) and (18) it is

convenient to express the first-order fields as ﬁ4p§1,) e ]&ZP)(/l,) zaA, 5P§1,’ o PN’
—_ ’+ ! +2—— + ! /+
d?k/ az* 972 9z 9z 922
M(r)= L2re@ e Ao 2 ED ks A
EX(r)= 2 )ZT[Exr (ki 2)x +Ey/ (k| ,2)y o=
a ’
—ak?| P+ 'Ry + — =0, (37)
+EM (k] ,2)Z1e’i 1, (28) 9z
#PY Pl aa #2PD
(1) K 2 D) o s pMrer o ikf| ——-+a ax +6_P8) —B ek
PO = | —STIP, (k[ ,2X + Py (K[ ,2)y 0z z z 97
(2m) Y

P N (1) -k/&FX' 'c —
+P§1)(kH’,Z)Z]eIk”-r"' (29) _B ]PZ +1 I 97 _B FZ—O, (38)
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(94p(1) 2P(1) oA’ oPW 2A’ Here — and + superscripts correspond to the fields inside
o TLB +A’] | BA+ the vacuum and semiconductor, respectivelydenotes a
(92 0z (922 . . .
unit vector normal to the vacuum-semiconductor interface,
S 2 (1) 2
ak? _akB PS)_M P + B’ FX,+‘9 Fx e _ 04 (r) 9y 11t AL (rp\?
(kH)2+ﬂ (kp?+p' 9z 9z* ax ay ' ax
_ 9c-(rn)\ 21~ 12
0, (39 +< 5;(y ) )
The solutions of this system of equations can be written as
2 w In order to calculate all the amplitudes, it is necessary to
Pg,l,)(kﬁ ,z)ZaZE A(ml)eikr'nzz by en7a apply the boundary condition for the excitonic polarization
m=1 n=0 too,
gf(kH k) ” P(r|,2)|,=; =0. (45)
- 2 A(O)e|kmzz Cyr € —nza B Z=6; .
The latter condition should not be considered a chosen ABC
gf(k k) since it is a direct consequence of the vanishing of the exci-
H ” 2 B(O)elkmzz d e—nﬂa . . AL
a nm ) ton wave function at the surface. Expanding the veotan

Eqg. (44) and the field€E, H, andP, appearing in boundary
(40) conditions[Egs. (42), (43), and (45)], up to linear terms in

|V |<1,ké,<1, 6, /a<1, ands;/a<1, we have obtained

a system of algebraic equations for the amplitudi{,g)(kx)

and EQ) (k) in Eq. (4), E{V(k/) and ESV(k() in Eq. (6),

AL in Eq. (24), BY in Eq. (25), ALY in Eq. (40), andB{
gf(kH k) 2 A(O)e'kmzz SPWSLE in Eq. (41) (n=1, 2 m=1,2,3). _T_he zeroth-order solutions

a nm of this system for the specific geometries ef and

p-polarized incident light coincide with those given in Refs.
39 and 40. In calculating the first-order amplitudes, it is con-

3 9]
Pj(l)(kH' ’Z):asz:l B%)eiki'“znzo bjynmefnz/a

L Gilkj—kp

a 2:1 Bg)eikmzzo dj nme "2, venient to write them in the form
j=x",z. (41) ER(K[) =Ep, (kD Zr(kj = k) + Ep, (k) o(kj — Kp),
Here, the first term on the right-hand side of EG#0) and E(KD) = Es (K[ £ (K[ —ky) +Es (K[ Ze(k[ —ky),
(41) corresponds to the homogeneous solution for the system ' ’ (46)

of Egs. (37), (38), and (39). The particular solution of this W) — / r / r
system is given by the terms proportional gg(k| —k;) in An (k) = A (K] &k = k) An (k) Lk —ky),
Egs. (40) and (41). The expressions for the wave-vector W7y / . / r
componentk/, (m=1,2,3, Imk/,>0), appearing in the ho- Brn (K1) = Bim,r (k) £r(Kj =k + B, (k[ 21Ckj — Ky
mogeneous solution, are obtained from the form@sand  where ¢, (k{) and ¢;(k{) are the Fourier transforms of the
(27) for k, by writing therekj and 8" instead ofk, and8,  surface profile,(r|) and the functior(r;), describing the
respectively. The coefficients; ,m, ¢jnm, and dj,m (j  surface potential fluctuations, respectively.

=x',y’,z) obey recursion relations, which are straightfor-  To determine the cross section of light-scattering into
wardly found by substituting expressiot#0) and (41) into  vacuum, we should also calculate the time- and ensemble-
Eqgs.(37), (38), and(39). As in the case of zeroth-order so- averaged Poynting vector of the first-order fiet@é®13

lutions, these recursion relations are too cumbersome and

will not be shown in this paper. Quantitiéd?) andB{" are c (1) v o (D)
first-order amplitudes to be calculated from boundary condi- (Sse)= gqusc (rH*XH(r,H])
tions. Finally, explicit expressions faE") are easily ob-
tained using Eqs(28), (30), (40), and(41). c?
9= - J o2k J 2K/
1287°w ) <

D. Boundary conditions: Light-scattering cross section

Let us calculate the amplitudes for both zeroth- and first- (EQ(K])* X[K' XEQ(k[)])e' " KT (47)
order fields. With this aim we apply Maxwell's boundary

conditions at the surface=¢,(r)): HereK'=k| —k;z, the asterisk denotes t_he compl_ex.con—
jugate, and the symbeat appended to the integrals indicates
ﬁ><E‘(rH,z)|z gr:ﬁXE+(rHvZ)|z . (42)  the regionkj<w/c, wherek; is real, and then the fields

propagate away from the sample surface. According to Egs.
(5), (6), and(46), the Fourier transforni{Y(k() in Eq. (47)

ﬁXH*(rH,Z)|z:gr=ﬁXH+(rH’Z)|z:§r- 43 s given by
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ESY(K)) = Eser (K] £ (K] —kp) + Ege (KD 1(K[ Ky, 20
(48)
where
Escj(k[)=T[Ep,;(k[)(X' cose’ +Z sing’) -
(TR =
+Eg (kYL j=r.f. 49 3
Thus, the Poynting vector(47) contains products }
Zi( "")*gl-,(ku’) (j=r,f; j’=r,f), which should be aver- ~
aged. Because of the assumed statistical properties of th J
roughness and surface-potential fluctuatipsee Eqgs.(1), /
(11), and (12)], the ensemble average of the products | (DlL
£i(k)* ¢ (k|) can be replaced B§'®%% 0975 2.800 2.805 2.810
FREQUENCY (eV)

(G (kD& (k{))y=Aam67LE exd — || 2LE/a1a(k{ —ki), o -
FIG. 1. Spectrum for the dimensionless cross section of light
<§f(k"")§f(kli)>:4’n—35€L% eXF[_“(H’ |2|_f2/4] 5(k"‘ _ ‘,‘,), s..catterlng,dapp/d().., frpm a ZnSe surface fqo-polarized |lnC|(.jent
light at an angle of incidencé = 15° and angle of scattering in the
plane of incidencef’ =3°, with a correlation coefficienk ;=1.
K/ KW =4738 8:L.L exd — k! 12L2 /4 The values of the average heigli of the repulsive exponential
(&( \\)gf( \|)> w6, Ok Lk exd | H| /4] potential are indicated in the figure.
><5(k|i— "").

: : . ok N]e~ K kil
Finally, the averaged Poynting veci@.) (47) acquires the B (ki)™ Ber(kj)1e ™ ™ (53)
form Here, the terms with indices and p describe thes- and

p-polarized scattered power, respectively, within the differ-
2

c C 22 ential solid angledQ =sin#'dd'd¢’ (k,=ksin#’ cos¢’, k;
- 2 e 2 21 20— |k —k|2L2/4 X y
(Sso= 32772wf<d kjK [[Escrl“rLre il =ksin#' sing', k=w/c). Below, we will also use the sym-
bol doy/dQ) to denote the componenqt(q=s or p) of the
+|ESCf|25$|_%e—|kﬁ—ku|2Lf2/4 sca_ttered powe53). In_ thi§ notation _thg first indexl Esor
' p) indicates the polarization of the incident light.
+26,8ikL % Re(E;fcr.Escf)ef|k|"ka|2L,2f/4]_ We should point out that the form afo/d(} [see Eq.

(53)] is characteristic for scattering of light by two stochastic
(5D processes. The terms witif and 2 in Eq. (53) describe the
In addition, the time-averaged Poynting vector for the inci-Power scattered from roughness and potential fluctuations,
dent light is respectively. There is also a term witt};, which deter-
mines the scattered power, associated with the cross-
c on . correlation between the random functiofi¢r|) and {¢(r|).
S :§|Ei| [xsin6;+zcosb;]. (52 The latter term would be zero if these random functions were
statistically independentq; =0). Expressions similar to Eq.
From Egs.(51) and (52) we can calculate, in a standard (53) have been found, for example, in investigating light
way,>*"~*the dimensionless cross sectida/dQ), whichis  scattering from a rough surface with an inhomogeneous di-
defined as the ratio of the energy flux density of light scat-electric permittivity?® from the internal and external rough
tered into the direction df’ to the energy flux density of the boundaries of an exciton-free lay€rand from an exciton

incident light per unit area of the surfacs (2). Using Eqs.  duantum well with rough interfaces.
(49), (51), and(52), we can express the cross sectilar/ d()

in terms of the amplitudeg ; andE, ; (j=r,f) correspond- . REPULSIVE POTENTIALS
ing to thes and p components of the first-order scattered
field, respectively. Then, In this section we shall present numerical results for the
dimensionless cross sectidiar/d(), considering that the ex-
do w?> cos®’ 1 citon surface potential(r|,z) is repulsive. As was men-
a0 47C2 COSH, |E-|2 tioned in the Introduqtlon, the intrinsic contributions to the
: surface potential, which are due to the no-escape boundary
XATEp (KD 2+]Eq (kD] condition and the image potent@;?? repel excitons from
the surface. Therefore, a semiconductor of sufficiently high
% 5r2Lr2e_‘kﬁ_k”‘2Lf2/4+[|Ep,f(k”’)|2 quality and without surface treatment should be character-
o ized, precisely, by a repulsive exciton surface potential.
+|Eg¢(K))[?]87LFe Ik kL Figures 1-5 show frequency and angle dependencies of

5 . ) do/dQ) calculated for ZnSe. In the calculation we used the
+20, 0kl RELE ((K)*Ep e(K|) parameter® e.= 8.1, iwr=2.8022 eV, fiwp=0.2334 eV
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FIG. 2. The same as in Fig. 1, but with,=2.0 meV and dis- 4.0 b
tinct values of the correlation coefficient; . ®)
=0,
 — ei=0°o
(i.e., a longitudinal-transverse splittir)’ngT~~«ﬁwZPIZwTem - gi=igo
=1.2 meV), and bulk dampintj»=0.2 meV. Here we em- 2\ i
ployed the approximation of a single exciton branch with a.~ /
total massM=0.57m (m is the free-electron majgscom- 2 Lol / \\
puted in Ref. 21. Since intrinsic transition layers are well é ) D\
described by the exponential mod&P'~>*we used the sur- 3, // VAR
face potential13) with the parameters ] / / R\ \\
// // “-._\. \\
U;=Uq, U,=0, a=50A, (54 S/ O\
s RN
whereU, denotes the average val(eighy of the potential 00 iy . . N
(13) atz=0 [Uy=(U(r,0))=U(0)]. Besides, we chosé; =) —m/4 0 w4 w2

=8=6(6=8 A),L,=L;=L,=L (L=2500 A). The nu-
merical results presented in Figs. 1-5 consider scattering in
the plane of incidence. According to our first-order calcula-(a)

tions, forp- (s-) polarized incident light, there is only (s-)

scattered light in the plane of incidence.

ANGLE OF SCATTERING (rad)

FIG. 4. Angular dependence of the dimensionless cross sections
doss/dQ and(b) do,,/d€) for ZnSe calculated with the same
sample parameters as in Figs. 18w, Uy=1 meV, k=1
(complete correlation and at different angles of incidendg.

In the case of complete correlation between surface
roughness and potential-well fluctuationss=1, the fre-
quency dependence dbr,,/d(Q (Fig. 1) anddo/d() look
like the p- ands-polarization reflectivity spectr&>' There is
a maximum at the exciton-resonance frequengy and a

minimum at the longitudinal frequenay, . As the average
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heightU, of the repulsive surface potential is increased, the
maximum ofdo,,/d) at wr decreasegsee Fig. 1L We
observed an analogous effectldf on spectradoss/d(} for
s-polarized light.
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FIG. 5. Angular dependence dbr,,/d(} for a ZnSe sample as

FIG. 3. The same as in Fig. 1, but with the correlation coeffi-in Figs. 1-3,0=w, , Uy=1 meV, andd,=40°. The values of the

cient k,=0.

correlation coefficienk,; are indicated in the figure.
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Impairing the correlation betweefy(r;) and{(r|), both 3.0
dop,/dQ (Fig. 2) anddoss/d() increase and a conspicuous @
peak neaiw, appears. This peak results from the fluctuations
of the surface potential when they are not completely corre- .
lated with the profile of the rough surfa¢fig. 2) and in- o & g
creases witiJ, (Fig. 3). According to the formuld53), the e 0009 %05 .
spectral line shape ao/dQ with «,:~0 is mainly deter- = © 3

o
@
-
>

15 ¢ A

mined by the terms associated with scattering from surface g o** * A

roughness and potential fluctuations since the cross 3 2 o¢° M o

correlation term can be neglected. However, when the corre o’ e }fooo' ®e o

lation coefficient is not very small «(;<1), the cross- ¢ ;. A 4 A:o‘oo o

correlation term ofla/dQ) [Eqg. (53)], which turns out to be A A 4 DR

negative, competes with the other terms and can drastically . or o A : ¢

modify the light-scattering spectfaee Fig. 2 09 I YT l 56
Angle dependencies afa/d(), calculated in the case of ) FREQU'ENCY @) ’

complete correlation«,s=1) and at different angles of in-
cidence 6;, are shown in Fig. 4. It can be seen that the
maximumof dos./dQ [Fig. 4(@)] is close to the specular
direction. As the angle of scattering goes away from this
direction,do¢s/d() decreases monotonically. The angle de-
pendence ofdo,,/d() is analogous to that ofloss/d(}
within the whole frequency region of the exciton resonance,«
except at the longitudinal frequenay, . So, with =
and k¢ =1, the angular dependence aé,,/d() exhibits a
minimumnear the specular direction at relatively large angles
of incidence[see the curve in Fig.(#) for 6,=40°]. This
surprising result can only be attributed to the excitation of
the longitudinal mode in the-polarization geometry. De-
creasingx,s, the angular dependence dir,,/d() at w
=, is modified so that its minimum near the specular di- 0.9 551 25535 ' 2.556
rection becomes a maximufsee Fig. 5. FREQUENCY (eV)

Now, let us apply the theory developed in the preceding
section to a CdS semiconductor. The interest in this kind of FIG. 6. (3) Experimental data for the dimensionless cross sec-
semiconductor is due to the fact that its spectra of elastiion dop,p/d€ of CdS taken from Ref. 13. Graphs 1-4 correspond
scattering of light have already been investigated both ext© light-scattering cross section measgred at angles of incidénce
perimentally and theoretically in several works!®So, we ~ =14° and scattering’=4° and on different areas of the same
can verify how well our theory explains experimental results ystal surface, being parallel to the hexagonakis. (b) Theoret-
Figure Ga) presents experimental spectra i, /dQ for IC3| spetlztrell fo:jthghdlmen3||opless Ilght-sclatterlng ICroEs sectllon of
CdS in the region of the\,_, exciton state, which were C9S: calculated with a repulsivexponentia potential. The statis-
taken from Ref. 13. In this work the distinct spectral curvest'cal parameters fc.’r the rciugh surfaceﬁ and the quEtuatlons of
) ; the surface potential are5,=5.05 A, §=11.35 A (=0.38),
of do,,/d() were 'obtamed from. dnfferent areas of the.sameKrf:O_39 (curve 1; 6,=10.45 A, 5,=2155 A (y=0.34), x\¢
crystal surfallce with angle_s of |nC|dence_ anc_J scatterig, _gg17 (curve 2; 85,=151A, 5,=26.05A (3=0.27), K
=14° and#’'=4°, respectively. Curve 1in Fig.(& has a  _0931 (curve 3: 6,=17.8A, 6,=26.2A (=0.19),
single maximum at the longitudinal frequenay=w,_ . This - 915(curve 4; the correlation length, , L;, andL, are the
type of spectrum is very common and has been observed ingame for all the curves (=L;=L,;=0.5 xum).
great variety of high-quality CdS samp¥s!® However, in
some cases the line shape of the spectdary,/d() is quite  much better than that of Ref. 13, where the dead-layer model
different from the curve 1 in Fig. (@), since, in addition to was applied. In our calculations we fixed various CdS
the maximum atw, , there is another maximum near the parameter¥ % wp=0.29396 eV, e,=9.1, M=0.94n, Av
exciton resonance frequertty® wr [compare curves 3and 4 =0.124 meV, and found the best fit férw=2.55225 eV.
with curve 1 in Fig. 6a)]. These experimental spectra were This value ofwy is very close to those used in Refs. 13, 21,
explained in Ref. 13 as a result of light scattering not only byand 51 and is in reasonable agreement with other values
the roughness of the crystal surface but also by the fluctuareported in the literaturg~>®The repulsive surface potential
tions of the surface excitonic potential. In the thédrthe is given by Egs.(13) and (54) with the parameterd),
repulsive exciton potential was approximated by a 70 A dead=4 meV anda=70 A, which have also allowed to repro-
layer, applying the Pekar ABC for the excitonic polarizationduce satisfactorily the specular reflectivity of CdBear
P [i.e., P=0 (Ref. 19] at its inner rough boundary. A, - exciton resonangdor p-polarized light at 9° angle of

Our theoretical results falo,,/d() [Fig. 6(b)], obtained incidence, presented in Ref. 14. The statistical parameters for
by modeling the excitonic surface potential as a repulsiveahe surface profile and the potential fluctuations are indicated
exponential one, accomplish a quantitative reproduction oin the caption of Fig. 6.
the experimental spectra of Fig(ah. This fit turns out to be Note that the spectra with maxima at bath and wt

(b)

do,, /4 (107)
&
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[curves 3 and 4 in Fig.(®)] were calculated by using a large
correlation coefficients,; (>0.9) and close values fof, ' ' @)
and &; [n=|6;— &,|/(8:+ 6,)<0.3]. On the other hand, the U. = -1 meV i
spectrum of light scattering corresponding to a smaller value " | — E‘ffé'gs
of the correlation coefficient«;;=0.39) and a larger quan- i I Kg;ojg
tity » (=0.38) has a single maximum af, [see curve 1 in [
Fig. 6(b)]. An intermediate situation is observed in spectrum > /
2 of Fig. 6b), which exhibits a shoulder at the frequensy % 75|
and a prominent peak at, . These results show that the line &
shape of light-scattering spectra depends strongly on the de
gree of correlation between the potential fluctuations and the ®
surface roughness in the irradiated areas of the sample.
Finally, we should comment that there exist other mecha-
nisms (substantial increase of the transition-layer thickness
and decrease of dampiig? that produce a peak in the 09 405 2,300 2305 2310
specular reflectivity near the longitudinal frequengay and FREQUENCY (eV)
might also modify the line shape of light-scattering spectra.

However, in interpreting the experiméntve have excluded 140 nre '
such mechanisms because they would require the use of ur ) (b)
realistic parametersa( and v) for the CdS sample, from U, = -1 meV k=0
which the spectra of Fig.(6) were obtained. Therefore, we Kt =
can affirm that the form of the experimental cur/ésg.
6(a)] is principally produced by the effect of the correlation
between surface roughness and potential fluctuations. 7;
Z 70
g
IV. NEAR-SURFACE LOCALIZED EXCITONS E
Now, let us analyze the scattering of light from semicon-
ductors with an extrinsic near-surface potential well. Figures
7-10 show frequency and angle dependencietodti() for
ZnSe, which were calculated by using the same parameter 09 205 2.600 er m'L 2.005 2810
for the sample @1, wp, €, M, v, 6;=6, L,=L¢=L) as FREQUENCY (eV)
in Figs. 1-5. Hereafter, the surface potentifr;,z) with
small random fluctuations in E¢L3) is modeled by employ- FIG. 7. Spectrum of the dimensionless cross section of light
ing a truncated Morse potenti#l#%4° scattering from a ZnSe surface in the presence of two localized
excitons. The incident light ispolarized with an angle of incidence
6;=40°, and the scattered light sspolarized in the plane of inci-
Ui=- 2| Um| e’m?, U= | Um| e¥n’s, (59 dlence withd’ =3°. The valueg of thpe correlation coeﬁ‘ficiéq; are:

1, 0.95, 0.9 in panefa), and 0 in panelb).
where |U,,| symbolizes the depth of the average potential
well, which coincides with tbsapotentlzale/\é‘vell for a flat sur- |yroquction, the presence of near-surface localized excitons
face (U(r,2))=U(z)=Ue "+ U,e"""); zp, is the po- a4 to the generation of quantized longitudinal polarization
sition of its minimum[U n=U(zy)]. The effective width of \3\6*40These modes satisfy the condition of vanishing of
the potential wellJ () is approximately 2.8>° The param- o displacement vectoR= z..E + 47P=0. Hence, the lon-

eters of the extrin_sic poﬁt\ential in_E(QSS)’,& used here, are i ginal polaritonic fields of zeroth order, satisfyif®
U,=—1meV, z,=150 A, anda=150 A. According to =0, should obey the equation

the chosen parameters, the average potential Wt) has
two excitonic bound states &tw,=2.8017 eV, andi wt,

=2.80217 eV which, as is usu@l>**are calculated from 52 2
the Schidinger equation for the translational motion of the M k2— —5 | POk, 2) +[wor+hor+U(2)]
exciton, 9z
X P(O)(kx 12) - th(O)( kX ,Z) = 01 (57)
hZ 2

2M

2 J —
g 322) W2+ hort U@)19(2) ~had()=0, which is straightforwardly obtained from E(L6) if we omit
(56)  there the damping term and consider that the differences be-
tweenw, wy, andw, are small. Comparing Eq$56) and
with the boundary conditions/(0)=0 and #()=0. It  (57), we see that the eigenenergies of the quantized longitu-
should be noted that the first term on the left-hand side of Egdinal modes are shifted with respect to the eigenvalues of the
(56) gives a negligible contribution to the eigenvaldas,,, excitonic bound statesbw 1=%(wt;+ w 7)=2.8029 eV,

which is of the order of 10° eV. As was mentioned in the %o, ,=7%(w1,+ w 1)=2.80337 eV. On the other hand, the
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FIG. 8. Spectrum of the dimensionless cross section of light FIG. 9. The same as in Fig. 8, but the angle of scattefihg
scattering from a ZnSe surface in the presence of two localized=3°.

excitons. The incident light ip polarized with an angle of inci-
denced; =40°, and the scattered light jspolarized in the plane of

incidence withd’=35°. The values of the correlation coefficient

ks are 1, 0.95, 0.9 in panéh), and 0 in pane(b).

modes, should appear in the spectra of light scattering. This
statement is verified by our numerical results, which are dis-
cussed below.

longitudinal modes of the scattered polaritonic fields inside Figures 7—10 correspond to light scattering in the plane of

the sample satisfy the equation

2

2M

2

(kﬁ)z— (;) p(l)(kH’ ,Z)+[th+hw|_T+ U(z)]

h2
XPU(K[ 2) = hwPB(K[,2) =5 F(k,2).  (58)

Indeed, using formulag29) and (35), and the condition

incidence. We remind readers that, according to our first-
order perturbation theory, the scattered light in the plane of
incidence has the same polarizatign@r s) of the incident
light. In the case of complete correlation between surface
roughness and potential-well fluctuatioks,= 1, the depen-
dence ofdos/dQ) on frequencyFig. 7(a)] resembles the
s-polarization reflectivity spectruff The maximum(broad
peak of doss/d() below w is produced by the bulk exciton
resonance T) together with transverse resonancéd (and
T2) associated with near-surface localized excitons. As the
coefficient of correlation tends to zeré {—0), doss/dQ

D@M=0 for the longitudinal modes of the first-order fields, increases considerably in the intervah<w<w, [Fig.

Eq. (18) for E®Y) andP(Y) can be rewritten in the forr68).

7(b)]. It is interesting that this effect of the correlation coef-

Note that the reduced equation of the inhomogeneous orficient on the light-scattering cross section is similar to that

(58) is precisely Eq.(57), with the quantitiesk, and P(®

found in the case of repulsivéntrinsic) potentials(see Sec.

replaced bka’ and P, respectively. Therefore, the first- IIl).
order polaritonic fields should have a resonant behavior at The spectrum ofio,,,/d() for p-polarized light depends

frequencies very close to the eigenvalugs, . It means that

strongly on the angle of scatterirj [Figs. 8 and & When

singularities, associated with the quantized longitudinak,;=1 and ¢’ is close to the angle corresponding to the
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3.0 - . - specular direction when the value of the coefficigpt is

— k4=10 =0y, close to ondcomplete correlation This angular dependence
——— K4=095 [Fig. 10@] looks like that ofdor,,/d() for a sample with an
intrinsic potential at the frequenay, of the bulk longitudi-

7 \ nal mode[compare with the curve labeled witk¢=1 in

/ T Fig. 5@]. As the correlation coefficienk,; decreases, the

/ ™ A ] minimum ofdo,,,/d() near the specular direction becomes a

. ) maximum(see Fig. 1D

/' PN \ We have also calculated spectradcaf/d() for CdS and

/" / N "\\ GaAs(Ref. 46 samples in the presence of an extrinsic near-
surface potential well. The generation of excitonic bound
states within the potential well leads to resonances in their
) light-scattering spectra. Besides, as in the case of ZnSe, the
%2 -4 0 a 2 decrease of the correlation between the profile of the rough
ANGLE OF SCATTERING (rad) surface and the potential-well fluctuations produces a consid-
erable increase oflg/d() in the frequency regiorvt<w

{b) <w.

_4
dO'pp/dQ (10 )
&
\
]
/
//
e

0=y ;

V. CONCLUSION

We have developed a perturbation theory for describing
15 + i the phenomenon of light scattering from semiconductor
rough surfaces near exciton resonance. In our theory we have
modeled the interaction between the exciton and the rough
surface by means of a generalized Morse potential with ran-
dom fluctuations. This model allows to study the effect of
both intrinsic (repulsive transition layers and near-surface
(extrinsig potential wells on spectra of light scattering. In
00 —n/4 0 i 72 both cases, the light-scattering cross section increases sub-
ANGLE OF SCATTERING (rad) stantially near the longitudinal frequenay as the correla-

) . . tion between the profile of the rough surface and the fluctua-
FIG. 10. Angular dependence of the dimensionless cross sectlo,[ri1Ons of the surface potential decreases. Applving this theor
do,,,/dQ for ZnSe calculated with the same parameters as in Fig P - APPlyINg Y,

8, and withw =, . we could quantitatively reproduce experimental spectra of
light-scattering cross section for CdS samples of sufficiently
high quality.

specular directiondo,,/dQ) (Fig. 8@) reproduces the same It was also shown that the presence of exciton bound

features of thep-polarization reflectivity®> Diminishing the  states within a near-surface potential well affects notably

correlation between the random functiofi¢r;) and ¢¢(r|), both frequency and angle dependencies of the light-
dop,/dQ) increases notablisee Fig. &)] and the longitu-  scattering cross section. In particular, the longitudinal modes
dinal resonance ab,;, associated with the deepest level associated with the near-surface localized excitons produce

(n=1) of the quantized polarization waves, is clearly ob-resonances in spectra of diffuse reflection, which are inten-

served as a dip. Sufficiently far from the specular directiongsified as the correlation between the surface roughness and

the longitudinal resonances manifest themselves as peaks tine potential-well fluctuations diminishes. The optical mani-
the spectrunto,,/d() at frequencies ; andw, , (see Fig.  festation of such longitudinal confined modes turned out to

9). These results confirm our predictions, namely, the presbe very sensitive not only to the angle of incidence, but also

ence of quantized longitudinal polarization waves in the scatto the angle of scattering.

tered polaritonic fields and their resonant manifestation in Because of the large number of parameters to be specified

spectra of light scattering. We should mention that the surin the theory, spectra of light-scattering cross section as well

face damping in an extrinsic transition layer is larger than theas specular reflectivity**>*can be reproduced by different
bulk damping and, therefore, the resonances, associated wisiets of parameters. Therefore, it is recommendable to deter-
the near-surface localized excitons, in spectra of light scatmine first the parameters of the average surface potential
tering can be smoothed out and two or more of them mayrom various reflectivity measuremen®r example, at dif-
coalesce into a single one. This fact should be taken intéerent angles of incidence for bothand p polarization$.
account in interpreting experimental speéfta. Afterwards, the statistical parameters for the surface profile

Another interesting manifestation of the quantized longi-and potential fluctuations can be adjusted to experimental
tudinal polarization modes can be observed in the angulaspectra of diffuse reflection.

dependence alo,,,/d€) shown in Fig. 10. As is seen there,  Finally, we should emphasize that the theory developed in

the scattering cross section at the frequemcyw, ; of the  this work is based on the adiabatic apprddcind has a

first quantized longitudinal mode has a minimum near thgophenomenological character due to the use of an excitonic

_3
dcpp/dQ (10°)
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surface potential with fitting parameters. The employment oto investigate optical properties of excitonic media with ide-
this phenomenological theory is well justified by the clearally flat surfaces.
and simple interpretation of experiments on light scattering.

Nevertheless, it would be also interesting to compare our

results with predictions of microscopic theori¢for ex-
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