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Analysis of the near-band-edge luminescence
of semiconductors containing isolated and
bound shallow acceptors and donors
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Abstract. Expressions for line intensities in the near-band-edge luminescence spectrum of
semiconductors containing both isolated and bound shallow acceptors and donors are given.
Found are the conditions when isolated and bound shallow acceptors and donors make
rather small or dominating contributions into the near-band-edge luminescence spectrum. It
is shown (on the basis of an analysis of the near-band-edge luminescence spectrum of semi-
insulating GaAs) that it is very probable for intensities of the near-band-edge luminescence
lines to be determined by different states (isolated or bound) of shallow acceptors and donors
in semiconductors of this type.
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1. Introduction

It is known that intensive near-band-edge emission lines
are observed in semiconductor luminescence spectra (im-
purity and exciton-impurity lines; their appearance is
caused by recombination of electrons and holes via shal-
low acceptors and donors as well as by annihilation of
excitons bound with them). When calculating intensities
of emission lines in the near-band-edge luminescence spec-
tra, it is usually assumed that semiconductors contain
isolated (see, for example, [1-4]), or bound in donor-ac-
ceptor pairs (see, for example, [2,3,5,6]), shallow accep-
tors and donors (in the following acceptors and donors).
However, obviously, doped semiconductors contain both
isolated and bound acceptors and donors. This work is
devoted to a calculation of line intensities in the near-
band-edge luminescence spectra of semiconductors con-
taining isolated and bound acceptors and donors. We
will show that, in a discussed case, the contribution of
isolated and bound acceptors and donors into formation
of the near-band-edge luminescence spectrum is not al-
ways determined by the relation between their concen-
trations. From this follows that it is very probable that in
semiconductors isolated and bound acceptors and donors

could make essentially different contributions into line
intensities in the near-band-edge luminescence spectrum,
even if their concentrations are approximately equal.
Relations obtained will be used for elucidation of the
relative role of isolated and bound acceptors and donors
in the formation of the near-band-edge luminescence spec-
trum of semi-insulating gallium arsenide crystals.

2. Model and main assumptions

We will consider semiconductors at low temperatures [no
thermally stimulated processes are observed in them, their
conductivity is determined by uniformly distributed pho-
toelectrons (concentration dn) and photoholes (concen-
tration dp)]. Let them contain N, and Np; concentra-
tions of isolated and N 4, and N, concentrations of bound
acceptors and donors, accordingly (the total acceptor and
donor concentrationsare Ny =Ny + Njand Np=Np; +
+ Np»). The concentrations of neutral acceptors as well
as ionized and neutral donors in the isolated state are

N N_, ., N _, and in the bound state are N ,0,,
D1’ D1

ND+2, ND02 (obviously, ND+1 + NDOI_ = Np; and

N oty T N 0y = Npp). The capture coefficient of free

electrons by neutral acceptors is 02A and by ionized do-

A%°

© 2002, Institute of Semiconductor Physics, National Academy of Sciences of Ukraine 353



K.D. Glinchuk, A.V. Prokhorovich: Analysis of the near-band-edge luminescence ...

nors is ¢y ; the capture coefficient of free holes by ion-
ized acceptorsis ¢4 and by neutral donors is & oD - The
average coefficient of inter-impurity recombination is c
[6]. The occupation probabilities of bound (at low tempo of
inter-impurity transitions) and isolated acceptors by holes
¢ 40 and donors by electrons ¢ ;0 and holes 1 — 90 are

® 40 = c;ASp/(c;A8p+c2A8n) ,
®po = c;DSn/(c;DSn-i-chSp),

1- @5 = chSp/(c;{DSn+ch8p)

(see Appendix 1). Free electrons and holes could form
(with the probability by ) free excitons X (their concen-
tration is ny, the probability of radiative annihilation is
aty). Free excitons could be captured by neutral accep-

tors A and ionized D* and neutral donors DO (the cap-
, bD+X and bDOX ,
ingly), forming exciton—impurity complexes 4°X, D*X
and DX (their concentrations are n

ture coefficients are b0 accord-

A%1> "ptx1>

n , if isolated acceptors and donors and n

pOx1 _ AVx2°
Mptyss M0y g if bound acceptors and donors are com-
ponents of A°X, D* X and DX complexes; the probabili-
ties of radiative annihilation of bound excitons 4°X, D*X
0
and DX are o0y . (.XD+X and OLD().X ). '
Below, when writing the theoretical expressions for
line intensities in the near-band-edge luminescence spec-
trum [induced by the free electron (e¢) recombination on
neutral acceptors [ 20> the free hole () recombination

on neutral donors / W0 the donor-acceptor recombina-
tion IDO A0 annihilation of bound excitons 4°X, D*X
A0x » Ipry and Lo,
1], we suppose that the mentioned recombination transi-
tions are mainly radiative [6]. Besides that, expressions
for line intensities in the near-band-edge luminescence
spectra will be given for very probable relations between
cthNp,dn = b and cpuNs20p =d (b>>d,b=dand
d>>b),atlow|[ c: (b+d)>> (cfpdn + chﬁp ) cpadp +
+ CSASH ) =a]and high [a >> c: (b + d)] values of dp and én,
andforlownX(bAOXnX << 00, , bD+XnX << o

and DX accordingly 1 see Fig.

D*x
and boynx << %o, ). This is connected with the fact
that only in pointed cases convenient analytical expres-

RIS LG

Fig.1. Radiative (wavy lines) and non-radiative ( continuous

lines) transitions to isolated donors D and acceptors A, in donor-
acceptor pairs DA and in bound excitons 4°X, D*X and DX.
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sions for the concentrations of bound acceptors and do-
nors in neutral and ionized states and excitons captured
by them are possible (see Appendixes | and 2).

3. Theoretical relations for line intensities in the
near-band-edge luminescence spectrum for
semiconductors containing isolated and bound
acceptors and donors

3.1. General relations

Obviously, for the case, the discussed near-band-edge
luminescence spectrum will be formed by electron-hole
transitions to isolated and bound acceptors and donors
and by annihilation of excitons captured by them (see
Fig. 1). Undoubtedly, line intensities in the near-band-
edge luminescence spectrum will be determined by the
concentrations of neutral acceptors and ionized and neu-
tral donors which are in isolated and bound states, and
also by the concentrations of photoholes, photoelectrons
and free excitons [it is possible that not only dp and on,
but also ny (see Appendix 2) depend on N4 and Np].
They are equal (see Fig. 1):

L0 = cpa(N o, +N 0,)8n, )
Lup0 = epp(N o, + N 0,)8p @
Tpoq0 = CZNDozNAoz’ ®)
Loy = b0, (N0, #N o))y @)

). )

I . —
ptx = bpty (ND+1 TN b

Ipoy =b o (N0, +N

Oy 0,)nx - ©)

When writing the Eqs (4)-(6)for 7,0, . 1+ and Iy

values, we assumed that a small number of neutral accep-
tors as well as ionized and neutral donors could bind free

excitons, i.e. n g << N <N
AVXx1.2

<
%27 "ptxia D12

e 1 !

and m0x12 NDol,z [this is valid at low ny values
<<

(nx @40 16,05 > Oy /by s Op0y 10, )5 500

Appendix 2].

In Eqgs (1)—(6) (see Appendix 1):
N0, =9,0Na, Nyt =A=0,0)Np;,

N0, = 9,0Npi (7
at any dp and 6n values;

coA0p
N, ~—"

<< N
A% NAZ A2 >

*
Cn(pDO Np»
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0 —

c,pNpy +c, 4N
N +22 pD'Y D2 éaA A2 5 - )
b C,TDSn+chSp

+
on

Npo zCn#NDZ &)
b2 C;D8n+ch5p

at b >>dand low dp, n values (c: b >> a) [then

C;(PDONDZ >> 7,8 + ¢2,8n and

¢paN 420p I( cipdn+ chSp) << N, ; obviously, in this
case, if ¢,,N,,>> CZDNDZ , ie.

b>> chpNpadp,

0 —
then ¢, n >> ¢,pdp andso, Npe,= cpaNA20p 1 cipdn};

A
N 40, = %NAZ, (10)
€ pAdp + ;A0
ND+2 = Np>
+
cppon
Npo,=—"P——Npy << Np (an
qu)AONAZ

at d >> b and low dp, on values (c:d >> q) [then
Cn(PAONAZ >> C,:—DSH + chSP l;

epdn+cOpdp 548 -
N0, = 2 ’QDP~ pr Nap << Nya,
cpadp +cppdn ¢, Ny
Np+, = ND2s (12)
sy 1/2
N po, S PR S Npy <<Npp

cydn+ chSp ¢,Np»>

atb=d(|b-d|<<al c:) and low dp and én values (c: b,
¢, d>>a);

0 2
Ccppo, ®,00 o .
pDOP A *
Ny =— 0 p2t—7 ¢uNa2Npy»> (13)
cppdn+cppdp c,pon

NAOZ is given by the Eq. (10) and ND()2 —bythe Eq. (9)
at any b, d and high dp, on values (a >> c;: b, ch )
[obviously, @ AO(pf)OcZN 1Npalcindn << Np, inEq.(13)]

O *

c,nop+c, N

pDOP T CpiV A2
ty® = Npy<<Np 13
b2 cpon (3

SQ0, 5(4), 2002

at high dp, on valuesand ®,0 = ¢ 0 =1 (i.e. cipdn >>

chSp and ¢,,8p >> 248n ) [see Eq. (13)];

0
N %
+n " D2
b2 c;DSn+c2D8p

(14)

at high dp, dn values and

2 %
1- 950 >> @AowDoCnNAz/C;DS”,

ie. chpdp >> @ 00 0Nz [see Eq.(13)].
Further we consider that the N
and on is given by the Eq. (14).
It follows from Eqgs (1)-(6) that the relative role of iso-
lated and bound acceptors and donors in determining
intensities of the near-band-edge luminescence lines de-

pends on the relation between N A0 and N 405> N D+
and N Dt 5 values (they are determined
by isolated acceptors and donors if N,0, >> N ,0,,
Npry
acceptors and donors, if N 40, >> N

pto Valueathigh o

NDOl and ND()

>> N .+, and N0, >> N0, , aswell as by bound
201 Npey 2> Nty
and ND02 >> NDQ1 ). Besides that, one could also see:
a) intensities 1,40 and / L0y are determined by the same

acceptor state (isolated, if N A0 >> N and bound,

A%2°
if NAoz >> NA01 ); b) intensities IhDO and IDOX are
determined by the same donor state (isolated, if N 01 >>
NDoz,and bound, if NDO2 >> NDOl ).

Equations (1)-(12) and (14) will be used below for
determination at low and high photohole and photoelec-
tron concentrations and low free exciton concentration
of intensities of the near-edge-band luminescence lines in
semiconductors containing both isolated and bound ac-
ceptors and donors. The obtained expressions for 40,

Lp0 s Loy > Ity
of two terms — the first one shows the contribution to
intensities of the near-edge-band luminescence lines of
isolated and the second one — of bound acceptors and
donors.

and I Oy will be given in the form

3.2. Low én, &p and ny values

In this subsection when calculating luminescence line
intensities, we consider that in a semiconductor the fol-
lowing relations between recombination characteristics b

andd, c;pdn and chf)p, ¢,a0p and c2 A0n can realize:
a) b >>d, cipdn >> chSp and c,48p >> chSn or
cpadp << chf)n;
b)d>>b, c,z0p >> chSn and ¢ pdn >> chSp or
cypdn << chf)p;
c)b=d, c;pdn >> chSp and c,40p >> chﬁn.
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Undoubtedly, no problem exists in examination using
Egs (7)-(14) and (A5)-(A10) (see Appendix 1) for N A0
N+ and N X of any relations between b and d, ¢, n
and chSp cpASp and ¢ ASn values.

al) c;pNpadn >> ¢ pAN 420D, cypdn >> ch5p
and cpp0p >> chﬁn (then ¢,0 = ®,0 =1). At the
pointed relations between donor and acceptor recombina-
tion characteristics, it follows from Egs. (7)-(9) that

=N N e =(c opdp /clpdn) Npy << N 0 =Npi
(1 e. 1solated acceptors are filled by holes and 1solated donors—
by electrons), N 0, E(c;ASp/c:NDZ)NAz << Nyp and
N, s(chNDz + C;ANAZ)Sp/c,J{DSn <<N_0,=Np>
(i.e. bound acceptors and donors are filled by electrons).

So, if above given inequalities are valid, the discussed
intensities of impurity, inter-impurity and excitonic lu-
minescence lines, as follows from Egs.(1)-(9), are given
by the following equations [here, it is obviously,
cpadp ¢y Npy, copdp I cipdn << 1, (chpNpy +
+ C;ANAZ )519 << C;:—DNDzsn and ND] +ND2 = ND]

I o= CnA(NA1+ NA2)5” (15
eA ND2
0

1, 0= ¢pp(Np1+Np)dp., (16)

10,40 = cpaN 12dp 17
coA0p

Lo, =0 0y Nart Napiny > (18
nNp2

Iy =

 ro 0 _
= Yptx chon [CI’DNDI +(cppNp2 + CpANAZ)] ny, (19
n

I o

pOx = bDOX (ND1+ND2)nX . (20)

. . _ 0 —
In this case: (1) IeAO/IDOAO = anNAISn /CpANAzsp ,
if IeAO is determined by isolated acceptors (then
0 << Thoq0 if Ngo2 2 Nyp), and 1 0 /150,0 =
= Qonlc Ny, << 1,if 1,0 is determined by bound
acceptors; (2) 1, o 1110,0 = chNDl/ cpaN a1 1,
is determined by isolated donors, and I DO/IDOAO =
pDNDz/ ¢paN a2 > if 1, o is determined by bound
donors (it is Very probable that I 0 << I 0,40 asone
expects that & D << cpa [4D:(3) Ier on and IAO ~ny,
if the corresponding emission is caused by isolated accep-
~ dpon and 10y
caused by bound acceptors; (4) ]hDO

~ nydp, if luminescence is
~0p, Iy ~ (&

tors,and [
s e AO
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dn)ny and IDOX ~ ny if luminescence is induced by
isolated or bound donors.
a2) cipNpydn >> cpaN 028p, cipn >> cppdp
and cpASp << anSn (then 90 = = 1 and ®0 =
ASp / anSn <<1). Atthe pomted relations between
donor and acceptor recombination characteristics, as it
follows from Egs. (7)—(9), ND+1 , NDO1 , NAOZ’ ND+2
and N 005 values and occupations of isolated donors as

well as bound acceptors and donors by holes and elec-
trons are the same as given in the subsection 3.2.al, and

N o = (c;,ASp/chSn )Ny << Ny (i.e. isolated ac-

0

A1
ceptors are filled by electrons). Undoubtedly, here the
intensities [ w0 IDOAO i Dty and [ pOy are deter-

mined, accordingly, by Egs (16), (17), (19) and (20), and

0
ChnA
IeAO_CpA NA1+ NA2 Sp, (21)
D2
¢padp cp4dn
Loy =b, 57 N+ 455Ny [nx (22
ATX anSn C D2

where cpdn/c,Npy, cpadp/chydn <<1.

In this case, in contrast to examined in the subsection
3.2.al, IeAO/IDOAO = N41/N 4, (then Ier > IDOAO ,if
Ny > Ny, and IAO < IDOAO ,1f Ngyi < Ny»), and
I o~ andl ~(5p/5n)nx,if1 oand I o are
1n3uced by 1solated acceptors. A X

b1) caN 4580 >> cppNp2dn, cpadp >> b on
and c;;pdn >> chSp (then ¢ ,0 = ¢ 0 =1). If these
inequalities are valid, then it follows from Eqs (7), (10) and
(I)that N 0, = Ny, N+ =(cppdp /cipdn) Npy <<
N 0 = Np (i.e. isolated acceptors are filled by holes
and isolated donors — by electrons), N 405
N,+y = Npy >> N o, = (cupdnlcyNag ) Npy (ic.
bound acceptors and donors are filled by holes). Undoubt-
edly, if the above inequalities are valid, then the near-
band-edge luminescence intensities, as follows from Eqs
(D—(7), (10) and (11), are determlned by the following

expressions (¢, pdn/c,N 43, pDSp/anSn <<1 and
NA1+NA2 —NA 1nthem)

= Ny, and

IeAO = cSA(NA1+NA2)5n, (23)
0 C,TDSH

Lo = cpp(Npp +— Np2)dp, 4
culN a2

11040 = cipNpodn, (25)

IAOX = bAOX (NAl +NA2)”X s (26)

SQ0, 5(4), 2002
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0

- cppdp
Iy = bfx{ P Np1+Np» J”X ’ @7

Cuppon

C+
Thox =b 0y VD1 T " Npony - (28)
A2

In conditions considered: (1) 1 o0 /1 D040 = QAN 4/
ctoNpy »if 1,0 is determined by isolated acceptors, and

AO/IDOAO = ANAz/anNDz,ﬂ 10 is determined

by bound acceptors (it is veryprobable that I 0 << IDOAO’
as one expects that ¢, >> an [4D; 2) I Do/ 10,0 =

pDN p19p/ ciipNpydn, if 1,0 is determined by isolated
donors (then, obviously, 7, o oy 040 i Npy = Npy),
and IhDO/IDOAO DSp/ c NA2 <<Lif 1, jo is deter-

mined by bound donors; (3) 0~ onand I ~ ny, if

0
AYX
luminescence is caused by isolated or bound acceptors;
4% 1,0~ o, I+ ~ (dpldn)ny and I 0y
discussed luminescence is induced by isolated donors,
and IhDo ~ondp, ID+X ~ ny and IDO
caused by bound donors.

b2) cpANAzﬁp >> cupNpadn, cpadp >> anﬁn
and cppdn <<c Dﬁp (then ¢,0 =1 and ©p0 = cypdn !
pDSp << 1). At the pointed relations between the ac-
ceptor and donor recombination characteristics, as follows

from Eqgs (7),(10)and (11), NAol , NA()2 , ND+2 and ND02
values and occupations of isolated acceptors as well as bound

~ ny, if the

v~ nyon, if it is

acceptors and donors by holes are the same as given in the
subsection 3.2.b1, and N ot = Npi >> No
=(cpdn /cPDSp ) Np; (i.e.isolated donors are ﬁlled by

holes). In this case, the intensities 1 0. 10,0 and / Ox
are determined accordingly to Eqgs (23), (25) and (26), and
chpdp
IhDO = an NDl + NDZ on , (29)
nN A2
Ity = bysy (Np1+Npy)ny . 30)
I +D8n 021)51?
DOX = bDOX 0 NDl+ o ND2 ny » (31)
ppOP CniV A2

where chSp/C:NAZ, C;Dﬁn/chSp << 1and Np; +
+Np=Np

Obviously, here in contrast to examined in the sub-
section 32bl, 1, 0/10,0= Npi/Npy (then I, ;o >

0-if Npy > Npy,and I, o <1 ,0,0.if Np; < Npy),
~ ny and IDOX ~ (Onldp)ny , if

SQ0, 5(4), 2002

2) cypNpydn = c},ANAzﬁp , cppdn >> chESp and
cpAdp >> cg 40n . In this case, as follows from Egs (7)
and (12), N 0, = Ny, ND ~(cp05p /anSn)NDl <<
N 0,=Npi and N o,~ (anNAZSn/c )2 << Naz,
ND+2 = Npy >> ND02 = (cpAN028p/cn) 12 Then the
near-band-edge luminescence intensities are [see Eqs (1)—

©)]:

Dﬁn

IeAO:C:’lA NAl+ NA2 Sn

Cn

c,A0p
= PA
I, 0 =chp NDlﬂ’ = Np2 [op,
Cl’l

(32)
I _ C,TDSH
A% = b0y | Nart Naz [nx >
Cl’l
9,
HAOD
IDOX =bD0X ND1+ pc ND2 ny » (33
n

1 5040 is given by the Eqs (17) and (25) (obviously, / D040 >>

— by the Eq (27). Evidently,

0), and [ ot
D X 12 _

1 Ao . and
(cppN a2dn/cy,) << N 4, and (cpAND25p/c )
Np, in Egs (32) and (33). Besides that: (1) IeA Sn,
hDO op, IAOX ny, 1 pt ~(5p/5n)nx and IDOX ~ny
if luminescence is caused by isolated acceptors or donors;
_ 32 _ 32 _ 12
@ 10 (5111/2 , IhD() @p) o AOx (dn)'"? ny and
IDOX ~ (®p)"”ny , if luminescence is caused by bound
acceptors or donors.

3.3. High on, 8 and low ny values

Undoubtedly, at high dp, én and low ny line intensities in
the near-band-edge luminescence spectrum are (see Sec. 3.1):

T 40 = cha® 0 (N g1 + N g2)0m (34
Lp0 = €pp® 0 (Npy+Npp)dp (35)
T3040 = cuNaoNps - (36)
Loy =D0x @40 (Na1+Ngony ., &)
Ity = b (1=9 0) (Npi+Npyny (38)
Ihoyx = bp0x®p0 (Npi+Npo)ny . 39
where, as was pointed above, Ny +Ny4 =Ny and
NDl + ND2 = ND .
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Inthiscase: (1) / 0 >>1

a0 L p040: (2 the I o,

I W0 .I A0y > 1 Dty an.d I DOX. intensities change 51m1-
larly with dp and drn variations independently of the iso-
lated or bound acceptors and donors that are involved in

the corresponding emissions.
3.4. Discussion
3.4.1. Low én, &p and ny values

In the above given equations for line intensities in near-
band-edge luminescence spectrum at low concentrations
of photoholes, photoelectrons and free excitons the fol-
lowing deserves special attention. Only in some cases
[obviously, they are possible when b >>d ord>> b and
are not possible when b =d, see Eqs (32) and (33)] the
contribution of isolated and bound acceptors and donors
into formation of the near-band-edge luminescence spec-
trum, i.e. in the corresponding emission intensities, de-
pends only on the relation between their concentrations
(it is proportional to their concentrations, if dp, on and
ny donotdepend on N, and Np ) - the near-edge-band
luminescence spectrum is determined by isolated accep-
tors and donors, if Ny >> Ny, and Np; >> Np,,
and, on the contrary, by bound acceptors and donors, if
N 4p >> Ny and Npy >> Np; . So,if b >> dthe pointed
refers to intensities / w0 M0 s and if d >> b it refers to
Oy and ID+X [see Eqs (16), (20), (23),
(26) and (30)]. Butin most cases the contribution of isolated
and bound acceptors and donors into formation of the near-
band-edge luminescence spectrum, i.e. in the correspond-
ing emission intensities, depends not only on the relation
between their concentrations but on their recombination
characteristics too. So, at N4 >> (c;ASp/cn*NDz YN 4o,
(cpadnl c,Np2) N pg and Nppy >>(cfpdn N 42) Npa s
0 * + *\1/2

(Cstp /CnNAZ) ND2 , Or at( NAI >> (anNAZSn/cn)

and Np; >> (c;ANDZ?Sp/c:;)l/2 the emission intensities
1.0 and 10, (ifb>>d), 1,0 and 0, (ifd>>b),
]eAO o AOx > Ox (if b = d ) are determined
by isolated acceptors and donors, even when their con-
centrations N, and Np; are smaller than the concen-
trations of bound acceptors N4, and donors Np, [see
Eqgs (15), (18), (21), (22), (24), (28), (29) and (31)-(33)].
At the same time, the excitonic emission intensity /

. tes ] I
intensities R

I s and [

ptx
can be determined : i) by bound acceptors (if » >> d),
even if their concentration N 4, is essentially lower than
the donor Soncentration Np [it takes place at
cpaN a2 >>cppNp ,see Eq. (19)];1i) by bound donors (at
d=b or d>>b), even if their concentration Np), is essen-
tially lower than the concentration of isolated donors N p,
[this takes place, if Np,>>( C?,Dsp l¢ydn) Npy,see Eq.
(27) and Sec. 3.2 c]. Obviously, the intensity of inter-
impurity luminescence is determined only by bound ac-
ceptors and donors [see Egs (17) and (25)].
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In discussed conditions, it is very probable that / R

1,00 << 10,0 (seeSec.3.2,al, bl and ¢). Only in spe-
cificcases (atb>>dord>>b)if 10 and 10 emission
intensities are determined by isolated acceptors and do-
norsaswellas Ny > Ny, and Np; > Np,, itis possi-

ble that ]eAO , IhDO > IDOAO (see Sec. 3.2, a2 and b2).

3.4.2. High én, dp and low ny values

Undoubtedly, at high dn, ép and low ny the contribu-
tion of isolated and bound acceptors and donors into for-
mation of the near-band-edge luminescence spectrum, i.e.
in the intensities of the impurity and exciton-impurity
luminescence lines depends only on the relation between
their concentrations (it is proportional to their concen-
trations, if o, dp and ny donotdependon N, and Np))
[see Egs (34), (35) and (37)-(39)]. Obviously, in this case,
as in a case of low dp and dn values, the intensity of the
donor-acceptor luminescence is determined only by
bound acceptors and donors [see Eq. (35)].

4. An example: analysis of the near-band-edge
luminescence spectrum of semi-insulating GaAs
crystals

4.1. Experimental

Luminescence was excited by a He-Ne laser (the wave-
length A = 632.8 nm, the quantum energy v, = 1.96 ¢V,
the intensity L). Conductivity of semi-insulating GaAs
was determined by excess holes and electrons. In crystals
investigated, the dp and on values increased linearly (dp,
on~ L)and the ny value - quadratically (ny ~ L?) with
the excitation intensity (the ny variations with L were
found from the excitation dependence of the emission in-
tensity induced by the free exciton annihilation Iy =
= oyny ~ L*[4]). Atexcitations used: a) the én, §p and
b) ny values were low. The first (a) is confirmed by the

observed excitation dependence of 1 D040 — 1 D040 vari-
ations were proportional to the concentration of
photocarriers [see Egs (17) and (25)]. The second (b) fol-
lows from the observed excitation dependencies of / A0y >
_ ~72
ID+X, IDOX and ny IAOX’ ]D+X, ID()X, ny L .

so [ 40 1 ~ ny (see Appendix 2).

x> 'ptx° "pY%

4.2. Analysis of photoluminescence results

Fig. 2 shows the 4.2 K near-band-edge luminescence spec-
trum and also the 4.2 K dependencies of line intensities
in it on the excitation intensity L for undoped semi-insu-
lating gallium arsenide. Its form and line intensities are
determined by: a) radiative transitions in bound accep-

0,0 NL) is
. . . . . D A
induced]; b) radiative recombination of free electrons on

tors and donors [the emission line / 5040 (1

isolated acceptors [the emission line ]eAO (Ie 0~ L)is

SQ0, 5(4), 2002



K.D. Glinchuk, A.V. Prokhorovich: Analysis of the near-band-edge luminescence ...

_

o
S
T

I, arb. units
ary
o
N
T

149 150

1.510

Photon energy, eV

Fig.2. Near-band-edge luminescence spectrum of semi-insulat-
ing gallium arsenide (dotted curves are the result of a spectrum
decomposition on individual components; the attribution of the
spectral lines to transitions involving shallow acceptors and do-
nors and excitons is indicated). In the inset — dependencies of
intensities of the near-band-edge luminescence lines IDOAO (1),
]eAO (2), IAOX 3), ID+X (4) and ]D()X (5) on the excitation
intensity (the relations between the line intensities are arbitrary;
the true relations are seen from the spectrum). Measurements
were conducted at low on, dp and ny values and T = 4.2 K; the
spectrum was recorded at L = 10'® quanta/(cm?s).

induced], and radiative annihilation of excitons bound
with them (the emission line / Oy isinduced); ¢) radiative
annihilation of excitons bound with isolated donors ( the
emission lines / Dty and IDOX are induced). Dominat-
ing role of isolated acceptors and donors in determining
A% Ipy

the intensities / and oy is confirmed by

similar dependencies of intensities / A0y > 1 Dty and
~72

IDOX A0y * 1D+X, IDOX L~ (see Sec.

3.4.1). Dominating role of isolated acceptors in deter-

on L, namely:

mining the Ie A0 value is confirmed by the found defect
nature (isolated acceptors), which is responsible for the
1 Oy emission (as was noted in Sec. 3.1, the Ie 40 and
1 40 emission intensities are induced by the same ac-
ceptor state). Besides that, this is also confirmed by nearly
thesame / .o and /0,0 valuesatany L(1 o, 10,0 ~
L, ie. Ier / IDvo does not depend on L) (see Sec. 3.4.1).
So, both isolated and bound acceptors and donors take
part in the formation of the near-band edge luminescence
spectrum of semi-insulating GaAs.

5. Conclusion

A contribution of isolated as well as bound acceptors and
donors into intensities of the near-band-edge lumines-
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cence lines depends not only on the relation between their
concentrations, but also on their recombination charac-
teristics and concentrations of photoelectrons and
photoholes in semiconductor. This fact (it is connected
with the different role of inter-impurity transitions in de-
termining the occupation of acceptors and donors by elec-

trons and holes, i.e. the N N ot and N ) values

40>
[6]), must be taken into account, in particular, when the
shallow acceptor and donor content in semiconductors is
determined from the analysis of the near-band-edge lu-
minescence spectra [4,6]

Appendix

1. Equations for NAOI,Z’ ND+1,2 and NDQL2

For the model used and L > 0 (see Fig. 1 and Sec. 2) the
rate equations for N N

4012 Nptin and ND()L2 are given
by the following obvious expressions:
dN o
- 0
d/; L = cpaN a1 =N 0,08~ cuuN 0,81, (A1)
DYl _ D1 _ .+ _ _0
o eap(Npy =N o )8n—cppN 0 8p,
(A2)
N 0, _
dt
— O ES
=cpa(Na2 =N 40,)8p = caN 0,0n—=c,N 0, N 10, (A3)
dND()2 :_dND+2 _
dt dt
+ 0 *
= cup(Npy =N 0,)8n—=cppN o, 8p=cyN o, N 40,
(A4)

When writing the rate equations (A1)—(A4), it is im-
plicitly assumed that the bound excitons recombine leav-
ing neutral acceptors as well as ionized and neutral do-
nors [1,5]. So the processes of annihilation of bound
excitons do not influence the N A0 5 N Dt and N O val-
ues, i.e. NAO , ND+, NDo ;tf(nAoX Mty s M0y ).

In the steady state(dNAO /dt =dN Dt /dt =dN 0 /dt =
= 0), equations (A1)-(A4) could be easily transformed
into linear equations for NAOI , N Dt and N 0 > and

into quadratic equations for N N ) and N D0y

D+
n I-
L@ d ND01 va

A0z
201> Np+
ues as well as approximate (at b >>d, d >> b and b = d)
expressions for N 405> N Do and N 005 values appear
as aresult of solution of Eqs (A1)—(A4). The first (N A0
N+, and N 0 ) are given in the main text by the equa-

D
tions in (7). The latter (N N

So, general expressions for N

5 and NDOZ)are:
359
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A0 N
_— - A2
A%2 cpA8p+c2A5n+Cn(pDoND2 ’ (A5)
[0) ch
Ny = 1=9p0)Npy +—L——Np, |
a+c,
N0, = 9,0ND2, (A6)

if b>> d {then [(pDoch la+c,b)INpy <<Nps},

N0, = ¢,0N4>

(pDO nd
Ny = (=0,0Npy + 22y, (A7)
a+c,d
cipon
NDOZ = ND2 5 (A8)
"+ pdp+c,@ oN
ChpOn+Cpp P+Cn(PAO A2
ifd>>b, and
NA02 _ *a(a+4cnd)—a 7
2c, (c;A8p+c,?A8n)
N \/a(a+4cn*b) —-a (A9)
0, = ,
b2 2¢, (C;DSn+chSp)
Ny =
_a +2€Z (C;Dﬁn+chSp)NDz —\/a(a+4c:b) (A10)
ZCZ(c;D5n+ch8p) 7

ifb=d(b—d << alc,).

The @0 and ?,0 values (they are also given in the
main text, see Sec. 2), could easily be found from Eqs
(Al)- (A4).

2. Bound and free exciton concentrations.

Excitonic emission intensities 1,0,, I+, and
! A’X’ "DTx

pOx
In this subsection expressions for nOx120 "prxia

n n I
pOx1a° X > Loy s Iy

any real relations between n
and N

and IDOX values, valid at

AOx12 and N
and N 012 (n

< <
Totxin S Nptio "pOxin S Npojy
For the case discussed (see Sec. 2), as follows from the

obvious steady-state rate equations for the concentrations
of bound and free excitons

A%12° "px12
<

Ax12 = N PURE

), will be given.

pt12> "pOx12

O (N 401 5 =71 4051 )X = O 10471405 5, (A11)

360

+X(ND+1,2_nD+X1,2)nX =%t xptxins (Al2)
Doy (N 0y 5“0y 20X = 00y 04 5, (A13)
by dpdn =
= [(XX +bA0X (NAO —I’lAOX )+bD+X (ND+ —HD+X )+
+b 0y N o =10 JIng (Al4)
h n ionar 1-
the m0x12° Pprxia "p0xis and ny stationary va
ues are:
b, nx
A%
AV%1,2 AV12
OCAOX +bA0XnX
b +1x
_ D x
"ptxin = o b . o Dt12’ (A16)
ptx " ptx"X
b 0 I’lX
"pOxi2 = bx 0. > (A17)
’ o +b 071X D™1,2
pOx T 7pOx
by dpdn
anaX+Bbo No+¥b,+ N ++zb o N o
AVx A pTx"'D px ' p
(AI8)
= + =
Here n o, = 1005 4100y 5 Mpey = Mty Flpey s
M0y = MpOxTp0y, and Ny = N +No,,
= = —+
ND+ ND+1 +ND+2 , NDO NDOI ND()2 are the

total concentrations of bound excitons A’X , DYX ,
DX and of neutral acceptors as well as ionized and
neutral donors;

B= o0, (0,0, +b,0,nx)
Y= Oty MOy +hpeynx),

z=0 0, 0t o, +b o ny).

pOx "Pplx TPp0x

Obviously, ny ~ dponif
(05 +BbAOXNAO +’YbD+ N O #f(L),
ie. at BbAOX A0V N+ szOX 0 ;tf('L) or at
Oy >> By N o + Y05y Ny +2bpo N o o i

D+ + ZbDOX O f(L)
At assumptions made (see Sec. 2), the excitonic emis-

A0x 0 Iprx
given by the following relations:

BbAOx N 0 +7bp o N

sion intensities [ and [ Oy obviously are

*40x
+
O 0y +by0pnx

Loy =00yn,0y = boxN ponx,

(A19)
SQ0, 5(4), 2002
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1 = n =
p*x ptx"p*x

(A20)

=—=2—b 0 N ony
pOx Y p0"x -
0p0x +hp0xnx

(A21)

Asonecansee, atlow ny values (b

AO%
<< << -
bD+X ny o and bDOX ny o0y s then , ob

Njo1p5 "ptyis Npria
Tpoxip << Npops o B=y=z=land 1o, , I}ty
]DOX ~ ny ), Eqs (A19)—(A21) transform 1nto Eqgs (4)-
(6) that are used for the analysis of the excitonic emission
A0x » Ity and Tpoy
opon if oy +b O N0 +be Now+b0 N o # f(L),
ie. at boxyN,o0+bye  Nos+boy Doif(L) or at

ox >> byoyN o0 +bpe  Npw+b50,N o s

ny << (XA()X,

Atx

viously, l’lA()Xl )

intensities / [in this case ny ~

SQ0, 5(4), 2002

if =£(L)]. Athigh n

boyNo+b v N w+bo N o =AL)] gh ny
>> >>

values (bAOXnX o0, bD+XnX o and

bDOXnX >> o , then, obviously, n

"prxip = Nptigs Mpoxip =N

emission intensities IAOX =

ND+ and IDOX

Atx
pOx AOx12 =N A2
), the excitonic

N 1

pO12

A0 Ipty =

o
A0x

= o N

=Ophtx pOx ' po -
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