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Theory and data are presented for the photoluminescence linewidth in ordered and

disordered semiconductor alloys at low temperatures.In disordered(ordered)systems, the

linewidth is due to exciton localization (exciton-impurity scattering) and increases

(decreases) as a functionof the field in agreementwith the data.

Keywords: Magnetic field, Exciton linewidth, gemiconductors

Running Title:Exciton Linewidths in Semiconductors

Correspondence:S. K. Lyo, Sandia National Laboratories,Dept. 1112, Albuquerque,

N.M., 87185, Phone: (505) 844-3718

Introduction

Currently much attention is focused on the effect of orderand disorderon the band-

gap changes in HI-V alloys such as In0.48Ga0.52P(lattice-matchedto GaAs). In thispaper

we present theoretical and experimental evidence to show that the magnetic-field (B)

dependence of photoluminescence (PL) linewidths (LWs) yields valuable information on

exciton localization and delocalization arising from order-disordereffects at low tempera-

tures. In a disorderedsystem, low energy excitons are localized at different regions of the

sample. The alloy composition inside the volume occupied by one exciton is different

frnm that inside the volume of anotherexciton, yielding inhomogeneously broadenedexci-

ton energy and thus PL LW.The LWis given by the mean-square deviation of the bandgap

fluctuation inside the exciton volume. Because the B-field shrinks the volume inside the

exciton wave function, the LW is expected to rise with the field [1]. Here, the electron-hole

energy gap is nonlocal and the radius of the exciton localization (Ro) is arbitraryin con-

trast to previous treatmentswhere only local energy gap and Ro ffi0 were considered. The

field dependence as well as the magnitude of the LWis found to be sensitive to Ro.
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In an ordered system, on the other hand, we assume that the LW is from free excitons

and is due to homogeneous broadening arising from exciton-impurity scattering at low

temperatures with some inhomogeneous background arising from the possible presence of

ordered domains in the sample. The B-field shrinks the size of the exciton volume, effect-

ing the scattering cross section. We show that the scattering cross section and thus lhc

homogeneous LW can decrease with the field in agreement with the data.

PL Linewidth from Localized Excitons

The deviation of the random local alloy potential from the mean value is given by

Va(ra) = Y_iEa0_(ra'Ri), where a = e, h and re (rh ) stands for the electron (hole) coor-

dinate. The quantity R i denotes the cation positions occupied, for example, by In and Ga

atoms in In0.48Ga0.52P.The function _(ra-R i) is unity when ra lies inside a cell of volume

AV=a3/4 around R i and is zero otherwise. Here a is the lattice constant. The quantity Ea(i)
O

represents the conduction (a --e) and valence (a=h) band-edge fluctuations from cell to cell

given by Ea(i) = [(1-x)fij - x(1- fii )]dEa/d-r, where x_<fi, >, ft/(=0,1) is the occupancy

of the cell, say, by an In-atom and dEa/dx is the band-edge shift per concentration change.

Excitons are localized by the random alloy potential. However, the localization radius

of the center-of-mass (COM) wave function mms out to be very large for In0.48Ga0.52P

(and in general for other HI-V systems), yielding negligible LWs [2]. Therefore, we con-

sider other mechanisms of exciton localization, for example, by pinning centers such as

acceptor or donor centers and isoelectronic impurities. The total wave function equals q' =

O(R)0(r) where 0(r) is the wave function of the relative coordinate r = re - rh given by

( ' /-V _ - 2/r+_._4r2 sin _0 v(r); Ev(r) (1)

and O(R) is the wave function for the CoM coordinate R. Here V = _/igr, r = Irland 0 is the

polar angle with respect to B. The length, energy and the reduced field 7 are, respectively,

given in (1) in units of the Bohr radius a B - g_2//ze2, exciton binding energy c-B = ge4/

(2_ 2) and 7 =/_Oc/2e B, where coc = eB/ttc. Here K, • and c are the dielectric constant,

electronic charge and the speed of light. The reduced mass equals tt = memh / (me + mh),

where me and mh are electron and hole effective masses. The function O(R) is not known

in general and it is sufficient for our purpose to assume O(R) = (TrRo2)'3/4exp(-R2/2Ro2).

The basic ingredient of the phenomenological wave function q_lt) is the localization

radius Ro. The quantity Ro is independent of B, because the CoM motion is insensitive to B
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due to the chargeneutralitycf the exciton.

The first-ordercorrectionfor the alloy-fluctuation energy for a given exciton is given

by b'E= <q'lVe(re) + Vh(rh)lq'>. The mean-squaredeviation equals:

AV j'_..=[<E,' > p,.', < Eh=> p,.,=+ 2 < E,E, > pk,p,, ld'k, .. (2)< ¢_2 >= (2_) _

where ka = mak/M, M =me + mh, Pk= JP(r)exp01k'r)d3r and {;k= _{;(r)exp01c'r)d3r. Hem

p(r) = l_r)l 2, {;(r)= Id_(r)l2 and <Ea0)EI3(i')> = <F.aEp>Si,i,, droppingthe site index from

Ea(i). The bracketso denote the spatial average and 8i,i, Kronecker's del_ Using the

expression for Ea(i), we find <Ee2> = _Eo 2, <Eh2> = (1- _)2Eo2 and <Eee,h> = _1-

7)Eo2, where Eo2 = (dEs/dx)2x(1 - x) and 7 = (dEe/dx)/(dEg/dx) is the fractional conduc-

tion-band.edge shift. The result in (2) yields a Gaussian line shape in agreement with the

data.The full-width-at-half-maximum _HM) equals zIeFWHM= 2.355(<8E2>) 1r2.

In the following we evaluate Ae_p,,HMfor In0.48Oa0.52Pusing mh = 0.44, me = 0.091

(in units of free electron mas._),a = 5.66 A, K= 11.6 and dEg/dx = 1.15 eV [3]. The proba-

bility density function p(_) is obtainednumerically from (1), using a five-point difference

equation approach[2]. Equation (2) was evaluated numerically, assuming mh >> me. The

parameters(Ro, 7) are used as adjustable parameters. In Fig. 1 we plot the FWHM as a

function of B and compare with the data from disordered In0.4s_3a0.52P[4]. Primaryevi-

dence of orderand disordercomes from TEM and bandgapdata. In Fig. 1, the solid, long-

dashed and short-dashedcurves represent (Ro, 7) = (0, 0.96), (0.22, 0.89) and (0.34, 0.78),

respectively. The slope of the curve is sensitive to Ro (given in units of an). For large RO

>> 1, the FWHM becomes small, because the energy fluctuation, being inversely propor-

tional to the square-rootof the exciton volume, is small. The agreementbetween the the-

ory and the data is good. A more detailed descriptionof the work is given elsewhere [2].

The LWarising from localized excitons was studied earlier.In earlierwork, b'Ein (2)

was defined as a sum of local bandgap deviations ' 1,t- 5]. In the present work, bF,is given

by the sum of Ve(re) + Vh(rh) which is a nonlocal bandgap deviation. Earlierresults [1, 5]

conespond basically to the first termof (2) with the restriction (Ro, 7) = (0, 1).

PL Linewidth from Free Excitons

Our low-temperature PL data from ordered In0.4sGa0.52Pand InAs show PL LWs

decreasing as a function of B. Since the PL LW from localized excitons is shown to

increase with B in the previous section, we consider only free excitons to explain the LW
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decreasing with B. In the following, we propose a model which yields such a behaviorfor

the homogeneous exciton LW arising from exciton-impurity scattering;The observed LW

consists of homogeneous and inhomogeneous contributions.

We consider only exciton scatteringwith charged impurities.More complicated neu-

lral-impurity scatteringwill be studiedelsewhere. The potential energy between an exciton

and an impurityof negative charge -lelat the origin, averaged over the angularcoordinate

(I1) of the CoM position vector R, is given by V(R,r) = (e2/K)<l/re - 1/rh>o This potential

is attractiveand saturatesto a constant value - (MAm/mhme)e2/Kr for R < merlM, equals

(e2/pc)[Mhnhr- 1/R] in the range mer/M < R < mhrlM and vanishes for mhr/M < R, where

Arn = mh - me. The scattering potential V(R) is then given by averaging V(R,r) with a

weighting factorp(r) obtainedfrom (1).

The total scatteringcross section crfrom V(R) is obtained through a phase-shift anal-

ysis [6], which converges very fast with increasing angular momentum quantumnumber _'

with a negligible contribution from _'_- 3. The LW is estimated from the kinetic formula

h,f I = hv_rN where N is the impurity density, v is the velocity obtained from exciton-pho-

ton momentum conservation v = hE&/Mcand n is the nffractive index. The polaritoneffect

was not observed possibly due to large LWsand is not considered here•

We f'u'stdiscuss the LW in ordered In0.48Ga0.52P.For negatively chargedimpurities,

o"is very large and sensitive to B for low-energy excitons. For example, crdrops from

550aB2 (1 1(mB2) tO nearly zero as B increases from zero to 5 T for the incoming exciton

energy 10"3CB(10"2_B).A similar effect is obtainedff we reduce the size of the wave func-

tion instead of applying the field; For the incoming energy 10"3cB, for example, the total cr

drops from 550aB2 to almost zero, ff the Bohr radiusof the field-free ls wave function is

reduced by about 10%.Forpositively charged impurities, cris much smaller and less sen-

sitive to B; otis about 14.9aB2 (14.3aB2) at B = 0 for the incoming energy 10"3cB(10"2CB)

and decreases slowly to 5.3aB2 (5.2aB2) at B = 15 T. In Fig. 2, the theoretical result is

compared with the data for negatively charged impurities of the density N = 3×1016 cm"3.

An inhomogeneous background is added to fit the data, although this is strictly valid only

for Lorentzian lines. For positively charged impurities, much larger density is necessary.

The negative charge centers may be ionized acceptors due to compensation.

For lnAs, cr is smaller for negatively charged impurities and oscillates with B,

because the effective kinetic energy is enhanced by a factor mh/me, which is very large in
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InAs. On the other hand, o" behaves similarly to ln0.48Ga0.52P and is larger than that in

In0.48Ga0.52P for positively charged ions. Therefore, we plot the LW, assuming positively

charged impurities in Fig. 3 and eornpare with the data, employing the standard mass me =

0.023 and N = 5×1016 cm"3 (dashed curve) and the observed mass me -- 0.033 (through

field-dependent line slftft) and N = 1017 cm"3 (solid curve). Again, a constant background

LW is added to fit the data. Standard parameters mh = 0.4 and K = 14.6 are used. The InAs

sample was n-doped to about 5× 1016 cm "3. The total cr due to ionized donors is compara-

ble to that calculated for neutral donors at zero field [7] owing to the large donor orbit.

Therefore the theoretical results in Fig. 3 may be valid for neutral donors as weil. This

question is under investigation.
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Figure Captions

Fig. I FWHM as a function of the magnetic field•

Fig. 2 FWHM as a function of the reduced field for ordered In0.48Ga0.52P.

Fig. 3 FWHM as a function of the reduced field for InAs. The solid and dashed curves

correspond to different electron mass and impurity density (given in the text).
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