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Magneto-optical study of Li and Na acceptor bound excitons in CdTe:
Fine structure and cubic crystal-field effect
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We present a high-resolution optical study of Li and Na shallow-acceptor bound excitons in
CdTe. Results of absorption and Zeeman-effect experiments on the photoluminescence are dis-
cussed in terms of the j-j coupling scheme in cubic symmetry. It is shown that (i) the low-lying
bound-exciton states are derived from the J=2 two-hole state, and (ii) the cubic crystal-field effect is
dominant over the electron-hole interaction. The magnetic parameter values are the same as those
previously determined for the Cu and Ag deeper-acceptor bound excitons: g, = —1.77 for the elec-
tron, E =+0.61, and L = —0.04 for the hole.

I. INTRODUCTION

Low-lying excited states of acceptor bound excitons
(BE) have been observed in various direct-gap semicon-
ductors with the zinc-blende-type structure. ' The origin
of this fine structure is usually attributed to exchange in-
teractions between the bound particles, namely, two I 8

holes with angular momentum j= —,', and one I 6 electron
with angular momentum j= —,. In the j-j coupling
scheme, ' the two I"8 holes are combined antisymmetrical-
ly to form J=O (I &) and J=2 (I 3+ I s) states. Then ad-
ditional coupling to the I 6 electron would yield four BE
states with fictitious total angular momentum X = —,

' (I 6),
IC = —, (I ), K= —, (I ), and E = —,(I ) since I I X I 6= 1"6,

I 3XI 6 —I 8 l 5XI 6 —I 7+I 8 in ihe Td point group.
The level ordering of these BE states has been discussed
by several authors. Experimentally, BE states deriving
from the J=2 two-hole state appear to be the lowest ener-

gy for shallow acceptors, while just the opposite situa-
tion is true for deeper acceptors.

In this paper we investigate the fine structure of accep-
tor BE in CdTe. CdTe is a cubic semiconductor with a
direct gap Eg =1.606 eV at T=4.2 K. The nature of ac-
ceptor impurities has been recently examined by systemat-
ic backdoping experiments correlated with photolumines-
cence (PL), infrared absorption, and electrical measure-
ments. ' ' lt is found that Cu, Ag, Li, and Na are the
main acceptors in high-purity p-type CdTe. Their bind-
ing energies are Ez ——146 meV (Cu), 107.5 meV (Ag), 58.0
meV (Li), and 58.6 meV (Na), to be compared with the
effective-mass value of -57 meV. Thus Cu and Ag are
deep acceptors with large attractive central-cell correc-
tions, by contrast to Li and Na acceptors which are more
effective-mass-like. Absorption and Zeeman effects on
the PL of these acceptor BE have been measured. The re-
sults clearly show that the level ordering of BE states is

inverted when going from deep to shallow acceptors. The
BE ground states are derived from the J=O two-hole state
for Cu and Ag, ' and from the J=2 two-hole state for Li
and Na. More interesting is the fact that the cubic crystal
field is found to be dominant over the electron-hole in-
teraction. In the case of Li and Na BE, the crystal-field
effect is such that the J=2 two-hole state is split into a
fundamental I 3 doublet and an excited I

& triplet. Thus
the low-lying BE states are a I 8 ground state and nearly
degenerated I 7, I 8 excited states. This situation is very
similar to that observed for shallow-acceptor BE in GaAs
(Ref. 7) and InP (Ref. 8).

II. EXPERIMENTAL

Single crystals of CdTe were grown by B. Schaub [La-
boratorie d'Electronique et de Technologie de 1'Informa-
tique (LETI)—Grenoble] using a modified Bridgman
method. They were high-purity p type, with uncompen-
sated acceptor concentrations of -5&10'" cm . The
residual acceptors are Li, Na, Ag, and Cu, the latter being
always the dominant acceptor in our samples. '

Higher doping levels can be easily obtained by dif-
fusion. ' ' For Li and Na diffusions, a nitrate solution
is deposited on the clean surface of an undoped sample.
Then diffusion is performed in a lamp furnace at low
temperatures (300 C—600'C) for about 1 h and under a
flow of Hz-Nz gas mixture. Samples prepared with this
process contain Li or Na concentrations up to —10'
cm as given by electrical measurements made on
Schottky diodes.

Most optical measurements were performed with the
samples immersed in liquid helium pumped below the A,

point ( T—1.8 K). Optical transmission spectra were
recorded using a tungsten light source. The samples were
thinned to -25 pm by polishing and etching in a
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Br-methanol solution.
f an Ar+ laser.as excited with the 4880-A line o an r

f —10 mW was used, the laser
m

' f d or focused on a spot diame-
ical excitation power o — m

beam gm bein either un ocuse or
. The PL was analyzed by a gratingter of -0.2—0.3 mm. e w

r (THR—Jobin Yvon) and detected wiwith amonochromator —o
'

set to -0.02photomultip ier. e
' 1' Th spectral resolution was se o-

was carried out in both FaradayZeeman spectroscopy

a ong
45 kG were produceand (111). Magnetic fields up to 45 kG p d

ma net. The samples wereb a split-coil superconducting magne .y a

b ilt-in strains on sample sur aces whic can qui e
often induce significant splittings o ine .
depolarization e ec s,ff t the PL was always co ecte per-
pendicularly to the excited face of the sample.

III. ABSORPTION AND
PHOTOLUMINESCENCE MEASUREMENTS

1

A. Cu and Ag bound excitons

1(a) shows the typical transmission spectrum in
th piton region of an undoped p-type same ex@

Cu and Ag in concentrationsdual acceptor impurities are u an
cm . Their absorptions are denoteof -5&10 cm

r tion features ond A s in the figure. The other absorp ion
rum are due to ionizedte ig-h h' h-energy side of the. spectrum

r BE (D+X); neutral donor-free hoole transitiondonor
(D' D D ), and free-exciton(D h) neutral donor BE (~&,

(FE). Note the large oscillator streng th of donor-re ate
as corn ared to that of acceptor transitions.

the ver low donor concen-This is remarkable because of t e very ow o
-t e samples. Such o ser-tration in these high-purity p- p

vation has been also reported for Znf e.

e abso tion are shown in Fig.Details of Cu and Ag Be a sorp
'

eaks A " at 1.5896 eV an
&

ad a~g atrp p
1.5885 V have been attribu

ectivel . A second broad peak, labe estates, respective y. sec

d b thermalization effects
t —1.2 meV above ~ . c

BE excited states, as evidence y e
the PL spectra atA and A i ] observed in t e

[
' . lid)]. Similarly, there is a

cled A at -0.7 meV above A
&

.Agsecond broad peak, labeled A ii, at —. m
rosco on the o

s shown that both lines correspon to e
gr .' his is a uite common situa-

3- cce tor BE. ' According to Herbert,
- o e s to hole attractive-hole state is more sensitive othe J=0 two- o e s

h J=2 two-hole state.central-cell correctioctions than t e
ulled below the J=2Therefore, ethe J=O state can be pu e e ow

t and one obtains thest t or suffi ie y p1 dee acceptors, an
E=—,—',—,

' BE states in or er o
'll o h ofThe redicted relative osci a or s

=——' BE states and K= —, s a eK= T,—,

measured absorption intensity of theis very close to the measure a sorp
'

res ectively. If this is correct, then the ho
sp

' ' ' V for Cu BE and -0.7 meV forsplitting will be —1.2 meV or u
Ag BE.

B. Li and Na bound excitons
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cm . We observe two strong absorption lines at 1.589 16
and 1.58947 eV labeled A ' (labeled A ~

' and
respectively, in Fig. 2). Absorption from Cu and Ag ac-
ceptors is rather weak since their concentrations are about
the same as in undoped samples (5 X 10' cm ). The rel-
ative oscillator strengths between the two Na lines are in
the ratio 3 ~

~'.A
&

' —1.9:1. However, the 3
&

' low-energy
line is much stronger in emission (see Fig. 2), indicating
that the 3

&

' and A»' lines correspond to the ground and
excited BE states, respectively. Similar absorption and
emission features are observed in Li-doped samples. The
two Li BE lines are A~' at 1.58923 eV and 2&& at
1.589 51 eV (see Fig. 2).

From the Zeeman study of 3 ~' and 3
&

' lines given in
the next section, we conclude that Li and Na Be states are
derived from the J=2 two-hole state. Therefore, these
BE states can be described by the following effective
Hamiltonian:

V, =c

1

4

0

0

0
5

4

0 0 0

0 0

0

0 0

0 0 0

5
\

0

0

0

I
+»

! +1)

!
—1)

f

—2)

(2)

where c is the crystal-field parameter. From the form of
the electron-hole interaction in (1) and the crystal field V,
in (2), it is easy to see that these two interactions are of
equal strength for ! b !

=
! c ! . Solutions of (1) are

straightforward for the two limiting situations:
! b! «!c! and

! b! »!c!. In the first situation
(!b

! «!c!), the cubic field splits the J=2 state into a
I 3 doublet and a I 5 triplet with an energy splitting equal
to —,c. The BE states are a I 8 state and degenerated
(I 7+I 8) states with oscillator strengths in the ratio 2:3.
The opposite situation (!b! »!c!) corresponds to the
spherical symmetry, and the BE states are D3/2 and D5~2
states separated by —,b. Their oscillator strengths are in
the ratio 4:1. ' For the more general situation
(b&O, c&0), numerical computations are necessary to get
the BE energies and their oscillator strengths. The result
is schematically shown in Fig. 3. The numbers in
parentheses represent the relative oscillator strengths of
BE states. Note that the oscillator strength of the I 7 BE
state is independent of b and c, and equal to —, . On the
other hand, the oscillator strengths of the two I g BE
states depend on the relative magnitude of b and c since
these states are mixed by the electron-hole interaction and
the cubic field.

IIo=bJ j+Vc
where J=2, j=—,. b is a parameter defining the strength
of the (isotropic) electron-hole interaction. V, represents
the effect of the Td crystal field. Its matrix representa-
tion in the ! J=2,MJ ) basis will be written as the follow-
ing (the matrix elements are taken from Ref. 23):
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FIG. 3. Diagram showing the fine structure of acceptor BE
in cubic semiconductors as a function of the hole-hole interac-
tion (a), the electron-hole interaction (b), and the cubic crystal
field ( Vc). The parameters a, b, and c ( V, ) are assumed to be
negative j I

——j2 ——
2 (hole), j=

2 (electron). Numbers in

parentheses represent the relative oscillator strengths (see text).

We have used (1) to fit the absorption data. Two con-
clusions can be drawn: (i) the crystal-field term is dom-
inant over the electron-hole interaction, and (ii) the
crystal-field parameter c is negative. In fact, best fits to
the Zeeman data are obtained for b ——0.01 meV,
c ——0. 11 meV (see Sec. IV). Computing (1) with this set
of parameter values, we obtain nearly degenerate I 7,r,
BE states at -0.28 meV above a I 8 BE ground state,
their oscillator strengths being in the ratio —1.7:1. These
results are in good agreement with the absorption data in
Fig. 2.

To summarize, the low-lying BE states of Li and Na
acceptors are derived from the J=2 two-hole state. The
cubic crystal field (c ——0. 11 meV) is dominant over the
electron-hole interaction (b ——0.01 meV) so that the
J=2 state first splits into a ground I 3 doublet and an ex-
cited I 5 triplet. Then coupling to the I 6 electron yields
BE states of I"8, I 7, and I s symmetry in order of increas-
ing energy. We assign the A &' ' and 2 ~&'

' lines to the
I 8 and (I 7+ I 8) BE states, respectively. The latter two
states are nearly degenerate because of the smallness of
the electron-hole interaction. It is interesting to note that
a similar level ordering has been observed for shallow-
acceptor BE in GaAs (Ref. 7) and InP (Ref. 8). Also the
cubic-crystal-field splitting (-0.3 meV) is comparable to
that measured for acceptor BE in GaAs (Ref. 7) (-0.18
meV), InP (Ref. 8) (-0.23 meV), Si (Ref. 24) (-0.3—0.4
meV), or for an exciton bound to isoelectronic Bi traps in
GaP (Ref. 26) (-0.28 meV). We do not know the magni-
tude of the hole-hole interaction for Li and Na BE. This
is because no absorption (or emission) line can be definite-
ly attributed to the I"6 (K= —,') BE state, although the
transmission spectrum of Na-doped samples exhibits a
small unidentified absorption peak [marked in Figs. 1(b)
and 2(b)] at —1 meV above the 2 i

' line. However, no
such feature is observed in Li-doped samples.
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IV. ZEEMAN EFFECTS

A. Experimental results
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FIG. 10. Same as in Fig. 8, but for m polarization.

g, = —1.77,
4 =+0.61,
I.= —0.04 .

Thus the Zeeman effects have been calculated with only
three adjustable parameters: b (electron-hole interaction),
c (crystal-field term), and d (diamagnetic shift). The best
fits to the data have been obtained for

b =(—0.012+0.005) meV,

c =( —0.11+0.01) meV,

d = (1 6+0.1)X 10 meV kG

Comparisons of calculations and experiments are shown
in Figs. 8—10. The solid curves are the Zeeman splittings
of the Cu BE lines calculated as in Ref. 13 but with a
slightly smaller diamagnetic shift, d = 1.32 & 10
meVkGr . The dotted and dashed curves represent the
calculations for the Li BE lines obtained by using the sets
of parameter values (6) and (7) in Eqs. (3) and (5).

As expected, the fitting of the Li lines is more complex.
%e have not attempted to calculate the emission intensity
of the transitions which depends on the oscillator strength
and also on the population distribution within the BE

states. The determination of the population distribution
requires a detailed analysis of the dynamics in a ten-level
system. This is a delicate task, particularly when the
recombination and relaxation rates are not well known.
Instead, we calculate the oscillator strengths of all possible
transitions for a given magnetic field direction and polari-
zation (see the Appendix), and the results are normalized
to 1. In the figures, transitions with oscillator strengths
smaller than 0.1 are represented by the dotted curves,
those with oscillator strengths larger than 0.8 are
represented by the solid curves. The other cases are
represented by the dashed curves, the dash length being
approximately proportional to the oscillator strength. It
can be seen that the oscillator strengths actually vary with
the applied magnetic field due to interplays between the
electron-hole interaction, the crystal-field term, and the
Zeeman effect. As shown in the figures, the Zeeman
splittings are very well reproduced for H parallel to the
(100) and (111) directions and for the three polariza-
tions o+, o. , and m.

The good agreement between the calculations and the
experiments for either absorption (see Sec. III 8) or PI. in
magnetic fields justifies the assumptions we have made
above. It is interesting to note that the diamagnetic shift
is about the same for exciton bound to Li, Na, Cu, and Ag
acceptors. This effect is well explained in terms of the
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pseudodonor model. In the model, the two holes of the
acceptor BE are bound by the short-range potential of the
acceptor. This in term produces a long-range Coulomb
potential which binds the excitonic electron in donorlike
states. Therefore, the diamagnetic shift observed is that
of the hydrogenic donor in CdTe. '

V. SUMMARY

We have investigated the fine structure of acceptor BE
in CdTe. We have shown that (i) in the j-j coupling
scheme, the level ordering of the J=O and 2 two-hole
states is inverted for deep- and shallow-acceptor BE, and
(ii) the cubic-crystal-field effect is dominant over the
electron-hoie interaction. For Li and Na shallow accep-
tors, the low-lying BE states are derived from the J=2
two-hole state. The latter is first split by the cubic crystal
field into a ground doublet I 3 and an excited triplet I s.
Then interaction with the excitonic I"6 electron yields the
sequence of rs (K= 32), 17 (K= 2i), and 1.

8 (K= 23) BE
states in order of increasing energy. The 3'i (i=Li, Na)
line has been assigned to the exciton recombination from
the ground I 8 BE state and the A'&~ line to the exciton
recombination from the excited and nearly degenerated I 7

and I s BE states. The I 6 (K= —,) BE state deriving from
the J=O two-hole state has not been observed in the
present work. For Cu and Ag deeper acceptors, the level
ordering of BE states is just inverted. Thus the BE
ground state is the I 6 (K= —,') state which corresponds to
the A i (j=Cu, Ag) line. The broader line 2 ii at higher
energy has been tentatively identified as due to unresolved
I s (K= —', ), I 7 (K= —,'), and I & (K = —', ) BE states. The
above assignment has provided a satisfactory account of
all magneto-optical data presented in this paper.

and in the BE states, and (ii) the optical selection rules for
an arbitrary orientation of the magnetic field.

I. Linear Zeeman effect

Let Oxyz be the coordinate system corresponding to the
three fourfold crystal axes. We take the set of basis func-
tion

I j= —', ,j, ) for the acceptor, and the set of basis func-
tion

I
J=2,J, ) Is= —,'s, ) and

I
J=O) Is= —,',s, ) for the

BE. The quantization axis is z.
The two-hole states

I
J=2,J, ) and

I
J=O) can be ex-

pressed in terms of the one-hole states
I
j=—,',j, ):

I2 +2&=+ ( I+ z &i I+ —,
'

&2 —I+ 2 &i I+ 2 &2),
2

I
2 +» =+ ( I+ 2 &i I+ 2 &2 —I+ 2 &i I+ 2 &2»2

(Al)

I2,o)=-,'(I+-', ), I

—-', ),—I

——,') I+ —,')

+
I
+ 2 &ii —

2 &2
—

I
—

2 &il + 2 &2)

I
o o& =

2 (
I
+ 2 &i

I

—
2 &2 I

—
~ &i I + 2 &z

—I+-,' &i I

—-'&~+
I

—-'&i I+-,' &2),

APPENDIX

In this appendix we examine (i) the matrix representa-
tion of the linear Zeeman effect in the j=—', acceptor state

where
I j,);= I

j=—,,j, ) of the ith hole (i=1,2).
The matrix representation of the linear Zeeman effect

(5) in the acceptor basis
I j= —,, j, ) is well known:~7

I+ —,
'

& I+-,' &

(p +iq)C

0

(p iq)D—

(p —iq)C

(p +iq)E

0

0

(p iq)E—
—rB

(p +iq)C

(p +iq)D

0

(p —iq)C

(A2)

, K+ , L, &=-, K—+—,I—, C=~3( —,'K+ —,'L, ), D= —,'I. , Z=K+ ,'I. , —

p=H„/H=sin8cosg, q=H&/H=sin8sing, r=H, /H=cos8 (8,$) are th.e polar and azimuthal angles of H in the
coordinate system Oxyz.

Making use of (Al) and (A2) one obtains the matrix representation of the linear Zeeman effect in the two-hole basis
I
J=2,J, &:
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I+» Io&

4~rC
(p +lq)E

0
—(p —Eq)D

0

(p iq—)E 0 —(p +iq)D

—(p iq)D— 0 (p +iq)E

r (D +E) V2(p iq—)C 0
v 2(p +iq)C 0 v 2(p iq—)C

0 V 2(p +iq)C r(D—+E)

0 I+»
—(p ~iq)D

I
+1&

(p iq—)E
I

—1 &

rC —2&
4

v3

(A3)

The Zeeman effect in the electron basis
I
s = —,,s, & is

given by

I+-,' &

P' =Pz ~

P~ ——+ (P~+iPy' ) .

(A7)

1

2 g~PgH
P + lg

P —lq I+ —,
'

& (A4)

(A4) is also the matrix representation of the linear Zee-
man effect in the BE states

I

J=O& Is= —,',s, &. From
(A3) and (A4) it is straightforward to get the matrix rep-
resentation of the linear Zeeman effect [Eq. (4)] in the BE
states

I
J=2,Jz &

I
s = —,,s, &.

2. Optical selection rules

%'e consider electric dipole transition from the initial
state i & to the final state f&. Its transition probability
is proportional to

I (f I
e p i & where e is the unit vector

in the direction of the electric field polarization, and p is
the dipole moment operator. En practice, the light polari-
zations are defined with respect to the direction of the ap-
plied perturbation (magnetic field, uniaxial stress, etc.).
Let Ox'y'z' be the "polarization" coordinate system, with
Oz' in the direction of the external magnetic field H, for
example. In this polarization coordinate system, we de-
fine the linear polarization ~ and circular polarizations
c7~ and 0

Since the polarization coordinate system does not al-
ways coincide with the Oxyz coordinate system chosen for
the basis functions, we derive the relationships between
the dipole moment operators defined in these two coordi-
nate systems,

P'„= ( —e '~P+ +e'~P ) +cosOP

1+cosO;~P 1+cosO;~ sinO

(AS)

The only nonzero matrix elements of dipole moment
operators are the following:

where (0,$) are the polar and azimuthal angles of H in
the Oxyz coordinate system.

In this paper we are interested in exciton recombination
from the initial BE states

I
J„s,& =—

I
J=2,J, &

I
s = —,',s, &

to the final acceptor states

e =e»

e~ ——+ (e~+iey) .X—

The unit vector e can now be written
I I I I I I I I I I I I="~ ~+ "v v+ "z ez =+ ~ ~+ u +e++ u —e

I I&~=&z

u~ =+ —(u +iud ) .v'2

(A5)

(A6)

w polarization

&+-,' IP, I+2;--,' &= — '
3

'

&+ ~ IP. I+1+ ~ & =+
3

'

&+-,'
I P,

I
o;+-,' & =+

6

o+ and o polarization

(+—,
' IP I+2;+ —,

' &=

(A9)

Then it is easy to see that absorption (emission) selection
rules for the polarization vr, cr+, and 0. are governed by
the dipole moment operators P' (P' ), P'+ (P' ), and P'
(P'+ ), respectively,

& + —,
'

I
P,

I

+2;+- —,
'

&
=— 2'

2'
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(+—
~
pz I

p'+
z ) =+ 1

12

(+—',
~
p~

~

+1;+—, ) =+ 1

The upper and lower signs correspond to the o.+ and o.

polarization, respectively.
For completeness, we give also matrix elements of tran-

sitions from the BE states
~
P;s, ):—

~

J=P)
~

s = —,,s, ) to
the acceptor states

~ j,):

~ polarization

(+—,
'

i p, i
p;+ —,

' ) =
6

o.+ and o. polarizations

( i
p

i
p )

1

12

The upper and lower signs correspond to the 0.+ and o.
polarizations, respectively.
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