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We report 011 the results of a theoret>ica,l investigation of the differential photoreflectance 
(DPR) spectra. from p1a.iia.r-dopecl structures. Tlie D P R  spect,ra a.re siinulated by meaiis 
of a model recently proposed by us, which is based o11 t,he coniinon t,liree-climeiisional two- 
particles Franz-I<eldysh effect,, and tirlies into account spatial variations of electric field and 
effective ba.nd ga,p within thc  &region. The  model is applied to  a Si ú-layer in GaAs, to  
a 6-doped structure containing two isolated Si 6-layers, as well as to the interface between 
undoped a.nd Si heavily-cloped clegeiierat,ecl GaAs. The  intensity of the D P R  signal with 
the distance bet,wcen tlie pla1ia.r-doped hyers  in the double O-doped st,ruct,ure is examined. 
A good c lual i ta t i \~  agreeinent between tlie tlieoretical results and recent experimental da ta  
confirms the va.1idit.y of tlie present approach. 

I t  lias alreacly been demonst,ra.t,ed t,lia.t pliotore- 

flectance (PR)  is a ponwful spect,roscopic teclinique to  

investigate tlie elect,ronic properties of seiniconduct~or 

het.ei.ostaructures such as superlattices, yuai-itum-wells 

and planar (or h-) doped s t r~c tu res [ ' -~ I .  The mod- 

ula.tion mecha.iiisms and line slmpes observed in P R  

measureinents on isolat,ed quantum-mlls are ieason- 

ably well understood. For these sgstenis, P R  signals 

are due to  tlie Starli shifts of sublevels, which rcsult in 

PR line shapes of first derivative t,ype[':2]. S h e  Franz- 

Iíeldysh (FK) effect becomes import,ant for superlat,- 

tices mith enough wide minibands. FK tliird cleriva- 

tive lilte spect.ra are expect,ccl in this For 6- 

doped systems, P R  spectra as well as tlieir unclerlying 

pliysical rnecha.nisnx are still a ma.t,ter of cont,roversy 

a.t p r e ~ e n t [ ~ - ~ l .  

Severa1 a t t e m p t , ~  to int,erpret the P R  st,ruct,ures ob- 

served in 6-doped samples have been based on :inalysis 

of spect.ra1 features in terms of t>~vo-dimensional (2B) 

elect,ron (hole) gas for n-t,ype (p-t,ype) d~~ ing[~~ ' : " ] .  Al- 

t,liough the 2D electron gas could indeed be related to 

the observed PR spectral features, hitrliert,o t.l-iis ha.s 

not been ciefinit,ively coiiiproved froin the experiilient~al 

point of vien7. In adclition, the theoretical explanation 

of sucli spectral features is still controversial. 

The  6-doped structures ha.ve recently been investi- 

gated by the differential P R  (DPR) technique, which 

allows to eliminate the surface electric field effects 

t,l-irougli tlie use of two laser pumps with different 

~~?ave le i ig t l i s [~~] .  However, Lhe interpretation of the 

D P R  spectsra. ren~a.iiis unclear, since no direct evidence 

of 2D electron ga.s contributions t o  the spectral line 

sha.pe wa.s exhibit,ed. 

Itecently: a. new tlieoretical model for optical tra.nsi- 

tions ir1 tlie P R  spectrinn from 6-doped st,ructures has 

Ijeen proposed by us[l1]. This rnodel is based only on 

tlie coinn~on 3D two-particles FK t l i e ~ r ~ [ ~ ~ ~ ~ ~ ] ,  and con- 

siders electric field and effective band ga.p variations in 

tlie O-region due to  tlie spatially varying electron den- 

sity. Such a.pproac1-i was applied t o  the  single Si h-doped 

layer in GaAs. A good qualitative agreement between 

the siniulated s p e ~ t r a [ ' ~ ]  and experimental data[''] has 

been obtaiied.  

In this pa,per we report on the  results of applica- 

tion of our theoretical rnode1[~~1 to  two other systenis, 

a double Si 6-doped layer structure in GaAs, and the 

interface between undoped and Si heavily-doped degen- 

era.ted G aAs. 

It is a.ssumec1 that  practically a11 electron states be- 

low the Fernii leve1 are fully occupied, even a t  room 



tempera.turc:, since t,he Ferini level is far above tlie coii- 

duction 11ar:d bottom a t  lhe planar d ~ ~ i n g [ ~ ~ ~ " ]  or i11 

bulk mat,eri.tl with cloping concentrat,ion of Si of order of 

101%n1-3. Since in thcse cases t.lie electron wive func- 

tion close to tlie Fermi level is rather d e ~ o c a l i z e d [ ~ ~ ~ " ]  

antl practic?lly spread ovei the biilk elcct,ron coherence 

lengtli[ll], n e  can treat tlie problem of opt,ical Iralisi- 

tions in tliesc structures iil terins of the simplest case 

of two-part>it:les FI< effect. 

We basetl our calculations oii tlie wll-ltilo~vn result 

derived hy Aspnes a.nd ~ rova[ l "  for the effective change 

of the dieledric function < A.6 > iii tlie preseilce of 

noniiniforin perturbations Ar(z) :  

where z, is t ~ e  coordinate of t,he surface, K is tlie prop- 

agat,ion constant and the iiitegrat,ion int,erval coiit,ains 

the 6-re,' 0.ion. 

Wc Iiave i~pplied eq.(l) t,o t,he crise wliere iionuniforin 

pert,urbation3 of t,he dieletric function Ac(z) are due not 

only to an  electric fieIcl ( F ( z ) )  spatial inlioinogeiiity, 

but  also to s n t i a l  variations of tlie enèctive band ga,p 

encrgy value (Eg (z) = h, (z))! t,lia.t is 

This approacli does not violate a.ny a.ssull-iption made 

in Ref.[15]. 

It is assuriled that  a t  any point. witliin the 6-region 

or interface cepletion-regiou the pert,urbation Ar(z) is 

determined by the FI< t h e ~ r ~ [ ' " ~ " ] ,  using tlie electric 

field and effective band gap local values. We have modi- 

fiecl tthe expression for A t ,  derived by ~ s ~ r i e s [ l ~ ]  for t,he 

vicinity of tlir 3D critica1 point Mo, i11 order to take 

into account i.he spatial varia.tioiis of these parameters: 

Here Ai aiid Bi a.re regular ancl irregular Airy f~inc- 

tions, respectively, C is tlic nor~ilalizat,ion coefricient,, w 

is the light photon frequency, 7 is the collision broad- 

ening para.meter, aild p is the reduced effective mass 

along the field direction. 

Tlie effect,ive change of the dielectric function 

< A6 > is directly related with tlie PR line shape as 

follows 

wliere < Acl > and < A t a  > are the effective 

cha.nges iii the real a.nd imaginary parts  of the  dielectric 

function, respectively, and a and ,9 are the Seraphin 

c o e f ~ c i e n t s [ ~ ~ ~ ~ ] .  For GaAs, f l  << a a t  the vicinity 

of the absorption edge (liwg = 1.42 eV for T=300K), 

therefore the second term in expression ( 5 )  has been 

omitt,ed[16]. 

'The ca.lciilo.t~ed DPR spectra for a single Si 6-doped 

layer['l] a.nd for the interface between undoped and 

Si heavily-doped degenerated GaAs, a t  room temper- 

a.ture, are shown in Fig. 1. The inserts depict the 

effective band ga.p arid the electric field absolute value 

profiles a.ssumed, for sirnplicity, t,o he  linear-type depen- 

dent on z .  Only contiibutions from heavy hole-electron 

pairs lia,ve been consiclered. We neglect surface electric 

fields. 

Fig. 2 sliows tlie experimental DPR spectra re- 

port,ed hy Sydor, Badakhashan and Engholm for the 

above syslerns[l"]. A good qualitative agreement is ob- 

served ahove tlie GaAs band gap energy (1.42eV a t  

300K) between the theoretical curves depicted in Fig.1 

s n d  tlie experimental DPR spectra shown in Fig.2. 

This leads to the conclusion that  the DPR line shapes 

of the structures under consideration could be under- 

stood in terrns of oidy the common two-particles FK 

effect, by talting into account the spatial variations of 

tlie electric field and effective band gap within 6- or 

interface region. The structure seen below the GaAs 

ba.nd gap in the experimental spectra of Fig. 2 does 

not n.rise from the 6- or iilterface region, since only tran- 

sitions above the Ferini level are expected. We could 

attribute such structure to  reflections from the semi- 

ii~sulat~ii~g/semicoi~cluctor GaAs interface[l7]. 

The  sinda.rity between the two experimental curves, 

showii i11 Fig. 2: ca.lled in Ref. [10] as surprising, is 

quite well understood iil terms of our model, once the 

Fermi level is far above the conduction band bot tom in 



272 Brazilian Jonrnal of Physics, vol. 24, no. 1; March, 1994 

ENERGY (eV) 

Figiire 1: Calculated DPR spectra for n-t.ype Si 6-doped 
Ga,\s (solid linc) anel for t,lie irit,erface bet,iveeri iiridoped aritl 
Si Iicavily-doped GaAs (brokcri linc). Tlie clcpenclcnccs of 
bhe effeclive band gap vali~c~ (E,) aiid of t,lte elect,ric ficlti (F) 
on z :  used in t.he calculat,ioiis, are sliowii i11 t.he inscrts for the 
6-dopecl (left-liand sicle) anel for tlie int.erface (right-liand 
side) st.riictures. For t.lte broa.<leiiing paraniet,er T(T = fiy) 
tlic valiie O.OleV lias been iised. 
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Figiire 2: Obserx-ed DPK spectra froiu a Si 0-cloped GaAs 
(solid lhe)  and froni an interface between uncloped and 
Si heavily-dopeù GaAs (broken liiie). as extractcd from 
Ref. [l o]. 
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Figiirc 3: Calculated DPR spectra for the system contain- 
ing two 6-dopect fayeis separated hy 240111x1 (solid lhe)  and 
120nrn (broken line). Effective band gap and electric field 
profiles witliin eaclt 6-layer region liave been introduced into 

tlie calculations in the same way as shown in the left-side 
iiiseit of Fig.1. For tlie broadening parameter T(T = hy) 
tlie value O.OlcV lias bem used. 

gap towards tlie interface takes place. This is compro- 

ved by tlie theoretical results (see Fig. I ) ,  and is also 

in a.ccordn.nce with recent PR investigations of heavily 

doped ~ a . A s [ ~ " ] .  

I i i  Fig. 3 we show caIculat,ed DPR spectra for a 6- 

doped structure mliich contains two isolated Si 6-layers. 

I t  is wortli noting that  the intensity of the DPR sig- 

na.1 is sensitive to tlie spatial separation between the 

6-layers. Two different valiies for the 6-layers separa- 

tion were considerecl in curves shown in Fig.3, which 

correspond to constructive aiid destructive interference 

between sigimls coniiilg from tliese layers (see eq.(l)) .  

In conclusion, we have shown tliat D P R  line shapes 

from 6-doped layers and int,erfaces between undoped 

and heavily doped iilaterials can be calculated in terms 

of a. coinmon two-particles FK effect, by taking into ac- 

count tlie spatial va.riat,ions of electric field and effective 

band gap in the 6- or interface regioii. T h e  observed 

DPR ~ ~ e c t - r a [ ' ~ ] ,  a.s well as recent PR spectra. reported 

for a similar i~ i t e r f ace [~~I  as tlie one investigated here, 

may 11e attributed to  transitions involving 3D valence- 

and coiiductioil-bancl continuuin states a.hove the Fermi 

level. Iii order to  increase tlie PR signal from tlie dis- 

cussed 6-clopecl structures, one can use severa1 sepa- 

rated plaiiax doped la,yers. However: the separation be- 

tween such la.yers must be equal to  the  wavelength in 

Lhe substrate (constructive interference), which corre- 

sponds to  t,he energy of tlie spectral structure under 

exanii~iat~ioii. 
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