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Emission from the excited terminal states of bound exciton-donor complexes has been observed 
in several I I — V I compounds. Studying these optical transitions allows one to determine the 
donor ionization energies, the electron effective masses as well as the electron (/-values in these 
materials. A good theoretical fit to the experimental data was obtained, using the effective mass 
approximation. Emission from the excited terminal states o f bound exciton-acceptor complexes 
has not yet been observed in these materials. There is no basic reason why such transitions should 
not occur. Studying transitions o f this type would allow one to obtain fundamental information 
concerning the acceptor impurities in these materials. 

Measurements of magnetic field splittings of 
donor and acceptor impurities in semiconductors 
allows one to study the ionization energies of these 
impurities as well as the effective masses of the 
carriers. Studies of this type have been made on a 
number of different impurities in Si and G e 1 - 2 - 3 . 
These investigations were made b y studying in-
frared absorption in magnetic field. 

The highest quality crystals obtainable in I I - V I 
materials are platelet type crystals. These crystals 
are very thin (0.5 ^ — 5 0 /j,), as a result they are not 
suitable for infrared absorption studies. Information 
similar to that obtained from infrared studies can 
be obtained from studying the transitions to excited 
states of the bound exciton complexes. 

I t is the purpose of this paper to report on bound 
exciton transitions in which the impurity is left in 
an excited state. The transitions have been asso-
ciated with donor type complexes in which the 
initial state is that of an exciton bound to a neutral 
donor and the final state is that of an excited state 
of the electron on the donor. 

In dealing with this type of complex in a material 
having the wurtzite symmetry it is possible to 
examine directly the magnetic field splitting of the 
electron on the donor. I t was previously s h o w n 4 

that for the wurtzite s y m m e t r y the electron (/-value 
is isotropic, (ge = isotropic). I t was further shown 
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that the hole (/-value is completely anisotropic 
({7h = (7h|| cos0) , where 6 is the angle between the 
"C" axis of the crystal and the magnetic field direc-
tion. I f one does an emission experiment in the 
orientation C_\_H, then in the upper state (see 
Fig. 2) the electron spins are paired to give a bonding 
state and one is left with a degenerate hole spin. For 
this orientation the hole (/-value is zero so there will 
be no magnetic field effect on this state. In the 
lower state, since the elctron (/-value is isotropic, 
the electron will split according to the state it 
occupies. I n the ground state one will observe the 
usual electron spin splitting. In an excited state one 
will observe orbital splitting as well. I n this con-
figuration one is observing transitions from a singlet 
upper state to a magnetically split lower state. 
This provides a direct observation of the ground 
and excited states of the electron on the donor. 

F r o m zero field measurements we have been able 
to determine donor binding energies and magnetic 
field measurements have permitted the determina-
tion of the electron effective mass. Measurements in 
other orientations (0° ^ 6 9 0 ° ) have demonstrated 
the additional multiplicity due to hole splitting. 

I. E x p e r i m e n t a l 

The crystals used in these experiments were of the platelet 
type and were grown from the vapor phase5 . I t has been 
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observed that the platelet type crystals are the highest 
quality crystals available and are therefore the most 
desirable for the measurements. 

The platelet samples ranged in thickness from 0.5 to 
50 n and were glued on one end (relatively strain free) to a 
sample holder which was in turn placed in the tip 
of a glass helium dewar. The mounting was arranged 
so that the samples were immersed in liquid helium. 
Provision was made for pumping on the liquid He and the 
temperature was measured by means of vapor-pressure 
thermometry, using an oil manometer. All of the experi-
ments were conducted at approximately 1.2°K. The dewar 
tip was inserted in the air gap of a conventional dc electro-
magnet, the pole tips of which were separated by 7,95 mm. 
The maximum field strength of this magnet was 45000 G. 
A 500-W Hg lamp (Osram high pressure), equipped with 
a blue filter, was used for fluorescence excitation. Spectral 
analysis of the crystal emission was made with a Bausch 
& Lomb 2-m grating spectrograph. The spectrograph 
employed a large, high resolution, diffraction grating and 
produced a reciprocal dispersion of approximately 2 A/mm 
in first order. With this grating, the psectrographic aperture 
was about //16. All of the spectra were photographically 
recorded. 

II. Results and Discussion 

A. Identification of Complexes 

A n u m b e r o f b o u n d exc i ton c o m p l e x e s h a v e b e e n 

o b s e r v e d in C d S 4 - 6 a n d m a n y of t h e m h a v e b e e n 

identif ied w i t h neutral donors or a c c e p t o r s 4 . I n this 

e x p e r i m e n t five lines were o b s e r v e d in zero field a t 

2 . 5 2 1 4 e V , 2 . 5 2 2 0 e V , 2 . 5 2 3 5 e V , 2 . 5 2 5 4 e V a n d 

2 . 5 2 6 2 e V as s h o w n in T a b l e 1. T h e m a g n e t i c field 

splitt ing of these lines identified t h e m as e x c i t e d 

Lines Exciton Complex 9e 9h 
(electron) (hole) 

<7-value (/-value 
isotropic C\\H 

Ii (4888.47 A) Neutral Acceptor - 1.76 - 1.03 
I2(4867.17 A) Neutral Donor - 1.76 - 1.76 
I3 (4861.66 A) Ionized Donor - 1.74 
I5 (4869.14 A) Neutral Donor - 1,75 - 1.76 

4907.15 A Neutral Donor - 1.76 
with terminal 

4908.7 A excited state - 1.76 
4912.4 A - 1.76 
4915.32 A - 1.76 - 1.76 
4916.5 A - 1.76 - 1.76 

Table 1. Bound Exciton Emission Lines in CdS, T = 1.2°K. 

e D . C. REYNOLDS and C. W . LITTON, Phys . R e v . 132, 
1023 [1963]. 

7 C. W . LITTON a n d D . C. REYNOLDS, in : I I - V I Semi-
conducting Compounds, (ed. by D. G. THOMAS), W . A. 
Benjaming, Inc., New York 1967, p. 694. 

states of b o u n d e x c i t o n c o m p l e x e s . O n l y one of t h e 

g r o u n d state b o u n d exc i ton c o m p l e x e s in CdS has 

b e e n pos i t ive ly identif ied as a n e x c i t o n b o u n d t o a 

neutra l acceptor c o m p l e x . T h i s is the I i ( 4 8 8 8 . 5 Ä ) 

line. I t has b e e n s h o w n 7 that the I i transition can be 

r e m o v e d f r o m C d S b y doping w i t h Cd. I t has further 

b e e n s h o w n t h a t t h e lines associated with exc i ted 

s tate transit ions are still present w h e n the I i line is 

pract ica l ly e l i m i n a t e d b y Cd d o p i n g . F r o m this i t is 

c o n c l u d e d t h a t t h e e x c i t e d states are n o t associated 

w i t h t h e I i c o m p l e x . 

I n order t o relate t h e energy s tates of particular 

series it is necessary t o calculate the " h y d r o g e n 

l i k e " g r o u n d a n d e x c i t e d states o f a neutral donor . 

T h e m e t h o d chosen is analogous t o t h e one used b y 

W H E E L E R a n d D I M M O C K 8 where t h e y derived t h e 

energies of a n e x c i t o n in an anisotropic crystal . T h e 

dielectric a n i s o t r o p h y enteres as a perturbat ion 

w i t h t h e dielectric c o n s t a n t in t h e x a n d y directions 

being e q u a l t o e, a n d t h e dielectric constant in the 2 

direction being e q u a l t o erj. T h e effective m a s s 

a n i s o t r o p y which enteres in the free exci ton case 

does n o t occur in t h e neutral d o n o r p r o b l e m because 

the electron m a s s is isotropic . T h e H a m i l t o n i a n for 

t h e neutral d o n o r p r o b l e m in t h e effective m a s s 

a p p r o x i m a t i o n i s : 

H = H0 + nz + H2 + H3, ( 1 ) 

where 

H - h 2 A - - i 2 - m 
I i ° - ~ 2 m : eiji/2 r ' { ) 

- £* 2 1 / 2 ( * 2 + y* + W - 1 > (3) 

\ T n h H z L z f ° r HWZ> 
H 2 = I ( 4 ) 

; — Hx Lx for H±z, 
* 2 m* c 

( g £ p ff?(*2 + y 2 ) for 2 , 

H s = \ ' (5) 

I s ^ H l W + z*) for H\_z. 

I n E q . (1) H o is t h e " h y d r o g e n i c " operator a n d is 

t a k e n as t h e u n p e r t u r b e d part of t h e H a m i l t o n i a n . 

/ / a is t h e anisotropic perturbat ion operator a n d 

8 R . G. WHEELER and J . O. DIMMOCK. Phys . R e v . 125, 
1805 [1962]. 
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m a y be written as 

H « = 

where 

er) 1/2, { i a Cos 2 0 + i oc2 C o s 4 0 + •••} (6) 

a = 1 — 17-1. (7) 

Treating t o first order correction, one will h a v e 
mixing of states An = 0, z!Z = even , Am = 0 . 

T h e hnear Z e e m a n t e r m is g iven b y E q . ( 4 ) ; this 
t e r m does n o t m i x the hydrogenic states for H |j 2 

but mixes states of Al = 0, A m = ± \ for H J_z. 

T h e quadratic Z e e m a n t e r m is g i v e n in E q . (5), this 
term has non-zero m a t r i x e lements b e t w e e n states 
with Al = 0 , ± 2 , Am = 0 . A d d i n g the spin m o m e n -
t u m interacting with the m a g n e t i c field (p.* • H) 

t o the H a m i l t o n i a n g iven in E q . (1) a n d treating as 
a first order perturbation one obtains the g-values 
for the electron spin splittings. T h e resulting energies 
obtained f r o m the a b o v e H a m i l t o n i a n , for t h e n = 2 

a n d n = 3 states of t h e donor c o m p l e x e s for C d S , 
as a function of the m a g n i t u d e o f t h e m a g n e t i c 
field are given as solid a n d d a s h e d lines in F i g . 1. I t 
is apparent that there are t w o over lapping sets n = 2 
states derived f r o m separate donors . T h e calculated 
energy of the n — 2 s tate of the donor was m a t c h e d 

2.5280 

2.5260 

25240 

2.5220 

2.5200 

2.5180 

20 
H ( kG) —• 

30 40 

Fig. 1. Photon energy of the n = 2 and n = 3 states of the 
I2 and I5 neutral donor bound exciton complexes as a 

function of magnetic field for the orientation C H. 

t o the exper imental ly observed w = 2 state . F r o m 
the calculated binding energy of the donor ( 0 . 0 2 6 e V ) 
one can calculate the ground state d o n o r energy. 
A p p l y i n g this binding energy t o the solid a n d dashed 
lines of Fig . 1 gives a g o o d fit to the I5 a n d l 2 C 

( 4 8 7 0 . 2 Ä ) 9 levels respectively. 

I n the calculated energy levels of F i g . 1 an 
electron effective mass m* = 0 . 1 8 mo w a s used. This 
g ives a g o o d theoretical fit t o the experimental d a t a . 

T h e calculated energies for the n = 3 states are 
s h o w n in F i g . 1. I n this calculation the spin was n o t 
a d d e d for t h e sake of clarity, likewise o n l y the n = 3 
s tates of the I5 donor are included. T h e fit between 
t h e o r y a n d exper iment is n o t as g o o d for the n = 3 
s tates as it is for the n = 2 states. This p r o b a b l y 
results f r o m the large radius of the donor causing 
m i x i n g of states of different principle q u a n t u m 
n u m b e r , through the diamagnet ic term, for larger 
q u a n t u m n u m b e r s . I t is apparent h o w e v e r t h a t t h e 
e x p e r i m e n t a l energies of the n = 3 states d o c o m e in 
t h e region where one calculates t h e m t o be, a n d 
t h a t t h e y d o fit the hydrogenic series for the 
calculated donor binding energies. 

T h e m o d e l used to describe the magnet ic field 
splitt ings is shown in Fig . 2 . I t is evident f r o m the 
m o d e l t h a t the lowest energy transitions result f r o m 
t h e highest exci ted states. T h e m o d e l also d e m o n -

EXCITED STATE OF DONOR COMPLEX 

C l H 0 * * 0 * 9 0 ° 

® = + TTTT 
' 1' 1 

Fig. 2. Model for the decay of a bound donor complex in 
which the decay of the exciton leaves the terminal state in 

an excited configuration, in this case a p-state. 

strates h o w the posit ive d iamagnet ic shi f t resulting 

f r o m E q . (5) is translated into a negat ive dia-

m a g n e t i c shift . N e g a t i v e d iamagnet ic shifts are 

observed for the transitions in Fig . 1. I t can further 

be seen f r o m Fig . 2 t h a t as the "C" axis of the crystal 

9 E . T . HANDELMAN and D. G. THOMAS, J . Phys . Chem. 
Solids 26, 1261 [1965]. 
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is r o t a t e d w i t h respect t o t h e m a g n e t i c field direc-

t i o n a c o n t r i b u t i o n f r o m t h e hole spin s h o u l d b e 

o b s e r v e d . F i g u r e 3 s h o w s t h e spl i t t ing o f t h e zero 

field lines a t 2 . 5 2 1 4 e V a n d a t 2 . 5 2 2 0 e V as 6 is 

v a r i e d f r o m 0 ° — 9 0 ° for a c o n s t a n t m a g n e t i c field o f 

2.5230 

2.5220 

tu 2.5210 

2.5200 

0 

ClH 

02 OA 0.6 0.8 

COS 9 ~ 

1.0 

CllH 

Fig. 3. Magnetic field splitting of the zero field 2.5220 eV 
line as a function of cos 0 for a constant field of H = 40 kG, 

T = 1.2°K. 

4 0 k G . F o r t h e or ientat ion C || H o n l y three lines 

are o b s e r v e d for these e x c i t e d s tates . I n t h e 

m a g n e t i c a l l y field split lines o f F ig . 3 t h e o u t e r pair 

o f fines (high a n d l o w e n e r g y ) split as the s u m of t h e 

^ - v a l u e s (j/e + ^h), a n d t h e inner pair of lines split 

a s t h e di f ference o f t h e g-values — S'h)- I f t h e 

e lectron a n d hole ^ - v a l u e s are n e a r l y e q u a l the inner 

pair o f l ines will s h o w n o splitt ing a n d the o u t e r pair 

o f l ines are n o t a l l o w e d b y spin considerat ion . T h i s 

e x p l a i n s t h e spl i t t ing for the C |j H or ientat ion in 

F i g . 3 . I t w a s p r e v i o u s l y s h o w n 6 t h a t t h e electron 

a n d h o l e ^ - v a l u e s , f o r t h e I2 a n d I5 c o m p l e x e s in the 

g r o u n d s t a t e were a p p r o x i m a t e l y e q u a l . 

A n u m b e r of b o u n d e x c i t o n c o m p l e x e s h a v e also 

b e e n o b s e r v e d in C d S e 1 0 h o w e v e r , t h e y h a v e n o t 

b e e n ident i f ied w i t h d o n o r or a c c e p t o r c o m p l e x e s . 

T h e m a g n e t i c field spl i t t ing o f t h e e x c i t e d states o f 

s o m e o f these c o m p l e x e s c a n p o s i t i v e l y i d e n t i f y 

t h e m as e x c i t o n s b o u n d t o neutra l d o n o r sites. 

I n a p p l y i n g t h e t h e o r y t o t h e C d S e d a t a it w a s 

f o u n d t h a t t o o b t a i n t h e b e s t fit t o t h e e x p e r i m e n t a l 

results i t w a s n e c e s s a r y t o inc lude t h e m i x i n g of t h e 

d i f ferent principle q u a n t u m n u m b e r s tates b y t h e 

d i a m a g n e t i c t e r m o f E q . (5) . 

T h e r e p o r t e d v a l u e s f o r t h e dielectric c o n s t a n t s 

f o r C d S e are £ = 9 . 5 3 a n d £77 = 1 0 . 6 5 u . T h e s e con-

s t a n t s g i v e a v a l u e o f 0 . 1 0 5 f o r t h e crysta l field 

p e r t u r b a t i o n p a r a m e t e r . I n t h e ca lculat ion for t h e 

o r i e n t a t i o n C\\H t h e b e s t fit t o t h e e x p e r i m e n t a l 

results w a s o b t a i n e d us ing an e f fect ive electron m a s s 

o f 0 . 1 3 m e . T h e a b o v e v a l u e s g ive a d o n o r ionizat ion 

e n e r g y o f 0 . 0 1 8 e V a n d a n n = 2 s tate b inding 

e n e r g y o f 0 . 0 0 4 5 e V . T h e results o f t h e calculat ion 

f o r n e u t r a l d o n o r c o m p l e x e s are t h e solid lines o f 

F i g . 4 a n d F i g . 5 . I n these figures t h e p h o t o n e n e r g y 

is p l o t t e d as a f u n c t i o n o f t h e m a g n e t i c field. T h e 

e x p e r i m e n t a l energies are p l o t t e d as t h e circles. 

T h e zero field c a l c u l a t e d e n e r g y of t h e n = 2 s tate 

o f t h e d o n o r w a s m a t c h e d t o t h e e x p e r i m e n t a l l y 

- 1.8100 

Fig. 4. Photon energy as a function of magnetic field for 
the 18a and Isb donors for C H. The solid lines are the 
theoretically calculated energies, the circles are the ex-

perimental energies. 

1 0 D . C. REYNOLDS, C. W . LITTON, a n d T . C. COLLINS, 
Phys. Rev. 156, 881 (1967). 

1 1 D . BERLINCOURT. H . JAFFE, a n d L. R . SHIZOOWA, Phys . 
Rev. 129, 1009 [1963]. 
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observed n = 2 state. I n both Fig. 4 and Fig. 5 the 
n = 2 states of two separate donors are observed. 
A t high magnetic fields it is noted that the experi-
mental points lie above the calculated energies for 
the 2 p - i states. The chief reason for this difference 

Fig. 5. Photon energy as a function of magnetic field for the 
Iga and Igt) donors for C || H. The solid lines are the cal-
culated energies, the circles are the experimental energies. 

is that in the calculated energies, only mixing 
through the n = 3 state was considered. Some of the 
n — 3 states are observed and identified b y their 
diamagnetic shift, however, they are not resolved 
well enough to permit analyses of their magnetic 
field splittings. 

Another interesting observation is the apparent 
quenching of the hole spin. One expects the hole 
spin to be anisotropic (^h = 9,hn c o s 0 ; see Fig. 2). 
T h e contribution of the hole spin should be observed 
for the orientation C || H. In the case of CdSe one 
observes little dependence on the angle 6 and also 
the multiplicity is accounted for at all angles 
including 0 = 0 b y the orbital and spin splittings of 
the n = 2 state electrons. 

T h e excited states of a bound donor excition 
complex have been observed in Z n O . Using the 
values e = 8 .33 find £77 = 8.84 the best theoretical 
fit to the experimental data, for the orientation 
C j1 H was obtained with an electron effective mass 
value of 0 .19 m e . T h e results of the calculation are 
the solid lines of Fig. 6. In this figure the photon 
energy is plotted as a function of the magnetic field. 
T h e /x • H term was omitted from the calculation 
in this orientation. A contribution from the hole 

3.3240 

3.3220 

33200 

10 20 
H ( k G ) -

30 40 

Fig. 6. Photon energy as a function of magnetic field for 
the Ig donor excited states for C || II in ZnO. The solid 
lines are the theoretically calculated energies; the circles 

are the experimental energies. 

spin splitting in the upper state is observed for C || H. 
T h e allowed transitions are those for (ge — g^) and 
are not resolved but result in broadened lines. The 
(ge -j- gh) transitions are spin up-spin down transi-
tions and are not allowed. The spin splittings 
essentially cancel out as far as contributing to 
additional multiplicity in the optical transitions for 
C\\H. The experimental energies are plotted as the 
circles. The zero field calculated energy of the n = 2 
state of the donor was matched to the experimen-
tally observed n — 2 state. A good theoretical fit 
to the experimentally observed 2P-states is observed. 
T h e observed 2 S-state energies fall somewhat below 
the calculated values. 

I n the calculation for the orientation C J_H an 
effective mass of 0 .19 m e was again used to fit the 
experimental results. The results of the calculation 
are the solid lines of Fig. 7. I n this figure the photon 
energy is again plotted as a function of the magnetic 
field. The experimental energies are plotted as the 
circles. The 21*x± and the 2 S ± states are degenerate 

33240 

K 3.3220 

3.3200 

To 30 40 
H (kG) — 

Fig. 7. Photon energy as a function of magnetic field for 
the Iß donor excited states for C J_ H in ZnO. The solid 
lines are the theoretically calculated energies, the circles 

are the experimental energies. 
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e x c e p t a t s m a l l m a g n e t i c fields where t h e lines 

c a n n o t be reso lved . T h e 2 P V ± s t a t e is v e r y w e a k 

a n d is n o t reso lved . T h e theoret ica l fit t o t h e 

e x p e r i m e n t a l d a t a is qui te g o o d f o r a n e f f e c t i v e 

m a s s o f 0 . 1 9 me. 

T h e highest i n t e n s i t y e x c i t e d s t a t e t r a n s i t i o n is 

t h e 2 P _ i transit ion . T h e r e m a i n i n g 2 P - s t a t e 

transi t ions are e q u a l l y as i n t e n s e as t h e 2 S transi -

t ions w h e r e c o m p a r i s o n s c a n b e m a d e . I n t h e 

or ientat ion C J_H t h e 2FX:l: a n d 2 S ± s t a t e s are n o t 

reso lved . T h e P - s t a t e e x c i t i o n s represent a p a r i t y 

c h a n g e w h e r e a s t h e S - s t a t e e x c i t a t i o n s d o n o t . 

H o w e v e r , t h e crystals d o n o t h a v e i n v e r s i o n 

s y m m e t r y a n d therefore p a r i t y is n o t a g o o d 

q u a n t u m n u m b e r , as w a s p o i n t e d o u t in t h e case 

o f G a P 1 2 . 

U s i n g t h e e f fect ive m a s s a p p r o x i m a t i o n , t h e 

c a l c u l a t e d d o n o r b inding e n e r g y f o r a m a s s o f 

0 . 1 9 m e is 0 . 0 3 5 e V . E x p e r i m e n t a l l y t h e d o n o r 

g r o u n d s tate b i n d i n g e n e r g y is 0 . 0 5 2 e V , d e t e r m i n e d 

o n the a s s u m p t i o n t h a t t h e n = 2 e x c i t e d s t a t e is 

e f fect ive m a s s - l i k e . T h i s agrees well w i t h t h e d o n o r 

b inding e n e r g y of 0 . 0 5 1 r e p o r t e d b y H U T S O N 1 3 . 
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I t is a p p a r e n t t h a t t h e g r o u n d s tate o f the d o n o r is 

n o t e f fect ive m a s s l ike. I t appears t h a t a central 

cell c o n n e c t i o n is necessary as s u g g e s t e d b y D I E T Z , 
H O P F I E L D , a n d T H O M A S 1 4 . 

III. Conclusion 

T h e s t u d y of t h e t e r m i n a l states , a f ter d e c a y o f 

b o u n d e x c i t o n c o m p l e x e s , is a t e c h n i q u e for ga in ing 

i n f o r m a t i o n a b o u t i m p u r i t y states in s e m i c o n d u c -

tors . I t has b e e n s h o w n t h a t a f t e r e x c i t o n d e c a y 

t h e d o n o r e lectron is le f t in an e x c i t e d s tate in a 

n u m b e r of transit ions . F r o m t h e dif ferences in 

energies o f t h e trans i t ions to var ious e x c i t e d s t a t e s 

o n e c a n d e t e r m i n e t h e donor b i n d i n g energies . 

S t u d y i n g t h e s a m e e x c i t e d states in a m a g n e t i c 

field has y ie lded carrier effective m a s s i n f o r m a t i o n . 

I n all cases so f a r s tudied o n l y e x c i t e d t e r m i n a l 

s t a t e s were o b s e r v e d f o r donor c o m p l e x e s . T h e r e is 

n o apriori reason w h y similar ef fects should n o t b e 

o b s e r v e d f o r a c c e p t o r c o m p l e x e s . T h e t e c h n i q u e 

s h o u l d b e appl icable t o a n y m a t e r i a l where well 

r e s o l v e d b o u n d e x c i t o n lines are o b s e r v e d . 
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