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Properties of 1.0-MeV-Electron-Irradiated Defect Centers in Silicon
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The presence of electrically active defects in 1.0-MeV-electron-irradiated silicon was observed using

thermally stimulated capacitance measurements. Thermal-emission rates and activation energies of
trapped majority carriers, impurity dependences, and annealing behavior of these defects were

determined, The introduction of defects by annealing was observed. A total of 14 thermal-activation

energies were measured. The oxygen-vacancy pair and the phosphorous-vacancy pair were correlated

with thermal-activation energies of 174 and 471 meV through impurity dependences and annealing

behavior. Comparison with other published. data was made. The charge states were measured and it

was found that the defects above midgap are acceptors; those below midgap are donors.

I. INTRODUCTION

Bombardment of silicon with electrons of energy
1 MeV introduces a variety of defects into the lat-
tice. There have been many studies to determine
the properties of these defects. Hall-effect mea-
surements, ' ' minority-carrier-lifetime
studies, " ' and infrared photoconductivity and
adsorption measurements' have been made to
determine the spectrum of energy levels intro-
duced in the forbidden energy gap. Electron-spin
resonance has been used very successfully to de-
termine the microscopic configuration of several
defects. ' The results of these studies are sum-
marized in. Table I. Generally, not all of the levels
were observed in each of these studies. It is known
that, in some cases, more than one defect is re-
sponsible for an observed energy level.

It is the purpose of this paper to report the defect
inventory observed in 1-MeV-electron-irradiated
silicon using the methods of thermally stimulated
capacitance ' and isothermal junction current
and capacitance transients. ' These methods allow
the detection of all electrically active defects with
energy levels within the forbidden gap, with a detec-
tion sensitivity of better than 0. 1% of the total de-
fect concentration. The impurity dependence,
charge state, and annealing behavior of each de-
fect are determined. No defects with multiple
charge states were observed, since there were no
correlations between the introduction and annealing
rates. These results are compared with those of
other investigators.

The results on p-type silicon have been previous-
ly reported. 3 They are included here for compari-
son with the n-type results.

II. MEASUREMENT METHODS

A. Theory

The presence of deep-level defects in a semi-
conductor can be detected by observing the capture
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FIG. 1. Charge-state
changes at deep-level de-
fects.

1' ~ Ey
(a) (b) (c) (d)

and emission of charge carriers at the defect site.
This can be done by monitoring the reverse-bias
capacitance of a p-n junction after disturbing the
steady-state charge condition. The following de-
scription is divided into three parts: (i) capture
and emission of charge carriers at defect sites in
a depletion region; (ii) observing emission of
charge carriers by monitoring reverse-bias capac-
itance; and (iii) disturbing the steady-state charge
concentration.

(i) The four processes by which the charge state
of a deep-level defect is changed, according to the
Shockley-Read-Hall3' model, are illustrated in
Fig. 1. Process (a) represents electron capture
and is characterized by the electron-capture rate
c„'. Process (b) represents electron emission and
is characterized by an electron thermal-emission
rate e„'. Process (c) and (d) represent hole cap-
ture and hole emission similarly. (It will be as-
sumed throughout the paper that these processes
are thermally activated. This is true since the
sample was shielded from any optical excitation by
the cold walls of the sample holder. )

The net rate of change of the concentration of
trapped electrons, n» or holes, p» is obtained
by summing the contribution from each of the four
processes as follows: (a) electron-capture rate,
represented by c„'npr; (b) electron-emission rate,
represented by e„'nr; (c) hole-capture rate, rep-
resented by c„'pnr; and (d) hole-emission rate,
represented by e„'p~;
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TABLE I. Summary of studies of radiation-damaged silicon.

m (eV)

Ec-0.12+ 0.02

Sc-0~ 17+ 0, 02

gc-0.22~ 0.01

Sc-0.42~ 0.06

Ec-0.52+ 0 ~ 02

gal+0. 40+ 0.06

Ep+0.28+ 0.02

g~+0, 20+ 0.02

Reference (No. )

3, 10, 12, 51

3, , 2, 5, 8, 10-16,
19, 23, 26

2, 3, 6, 8, 16, 21,
23, 25, 26

15, 21, 23

14, 11, 21-23,
28, 7

1, 2, 4, 6-8, 14,
15, 17, 20, 21, 26, 28

4, 7, 9, 15, 17, 20, 28

Comments

appears in low-oxygen material

correlated with oxygen-vacancy
pair

introduction by annealing observed
(Ref. 5)

correlated with phosphorus-vacancy
pair (5, 25, 26) and with divacancy
{21)

may be related to divacancy
{21, 23)

correlated with acceptor-defect
complexes (22), oxygen dependence
observed {7)

correlated with divacancy (21, 26)
and with X center (26); oxygen
dependence observed {4, 8); accep-
tor dependence observed (6); oxygen
independence (6, 7, 17); acceptor
independence observed (8, 9)

correlated with divacancy (2h), room-
temperature annealing observed (23)

dn g g g g g dp'y

dt " dt
= —e„nr+c„npr+e&pr —c&pnr=-, (l)

where n(p) is the free-electron (-hole) concentra-
tion, nz(p„) is the trapped-electron (-hole) con-
centration, e„'&&& is the electron (hole) thermal-
emission coefficient, and c„',» is the electron-
(hole-) capture coefficient. This equation is sim-
plified in the depletion region of a p-n junction,
where the carrier concentrations are negligible,
n=p=0. With this approximation, Eq. (1) be-
comes

dn~ t g 4Pz
N ""~ ~~~ dt

Using n~+p~=N», which is the total concentra-
tion of a deep-level defect, the solution of (2) is

bn (f)=bn (0)e '"'~o",

where hn~ is the disturbance of the trapped-elec-
tron concentration from its steady-state value.
This disturbance is seen to decay exponentially with
a time constant given by the reciprocal of the sum
of the thermal-emission rates, e„'+e~ . It has been
shown in other measurements ' 3 that these emis-
sion rates vary exponentially with temperature,
e'-e ~~ ~~, where rhS is the thermal-activation
energy and approximately the energy level from
a band edge. "

The measurements to be described here follow
from Eq. (3) together with the exponential tempera-

ture dependence of the emission rates. The pres-
ence of deep-level defects is determined by ob-
serving the presence of the decay implied by Eq.
(3). Measurements of this decay versus tempera-
ture yield values for the activation energy of ther-
mal emission of trapped carriers.

(ii) The emission of charge carriers from defect
sites in a depletion region is observed by monitor-
ing the capacitance of the depletion region. The
capacitance of a reverse-biased p-n junction in the
depletion approximation is given by

C = sp/2(V„+ Ve),

where z is the semiconductor dielectric constant,

V~ is the magnitude of the built-in voltage, V„ is
the magnitude of the reverse-bias voltage, and p
is the magnitude of the fixed charge density in the
depletion region. For the n-type side of a p'n di-
ode with a deep-level acceptor,

p=e P4-nT(t)l.

This illustrates that p is time and temperature de-
pendent due to the emission of trapped charges at
the deep-level defects. The capacitance of a re-
verse-biased diode will show a similar dependence
since it is proportional to p' 3.

(iii) There are many ways to disturb the steady-
state charge concentration in a depletion region. 3'

The method employed here will be discussed with
the aid of Fig. 2. In the quasineutral and nearly-
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FIG. 2. Method af disturbing steady-state charge in the
depletion region.

thermal-equilibrium region of a diode, the charge
state of the trap is determined by the detailed
balance of the electron-capture and emission pro-
cesses [see Fig. 2(a)]. At the low temperatures of
measurement, the Fermi level is near one of the
band edges. Therefore, electrons are trapped at
defects in n-type silicon and holes are trapped at
defects in p-type silicon. In the highly nonequilib-
rium depletion region of the junction, the capture
rates are zero, and the charge state of the defects
are determined by the relative emission rates of
electrons and holes. Due to the exponential de-
pendence of the emission rates on the activation
energy, e„&»-e ~&», the steady-state charge
concentration of a defect corresponds to holes
trapped at levels below midgap and electrons
trapped at levels above midgap [see Fig. 2(b)].
Defects may be switched from a depletion region
to a quasineutral region and switched back by mo-
mentarily zero biasing a reverse-biased diode as
illustrated in Fig. 2(c). This process disturbs
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the steady-state charge concentration in the deple-
tion region when the charge state of a defect in the
neutral region differs from the steady-state charge
in the depletion region. Table II shows the com-
binations of defect levels and type of diode which al-
low charge-state change by momentary zero bias.
From this table, it is seen that defects with ener-
gy levels above midgap may be observed in diodes
with n-type substrates and those with levels below
midgap may be observed with p-type substrates.
By studying both diode types, the entire band gap
can be scanned for defect energy levels.

Two types of experiments using these effects
have been performed on 1-MeV-electron-irradiated
silicon. Figure 3 illustrates these experiments
for the case of a p'n diode with deep-level accep-
tors. The first of these experiments, thermally
stimulated capacitance (TSCAP), allows a rapid
scan of all the deep-level defects which are ma-
jority-carrier (electrons in P'n diodes) traps on
the lowly doped side. The diode is cooled to a
temperature such that the emission rates are negli-
gible. The diode is zero-biased momentarily and
then heated at a constant rate. In a characteristic
temperature range related to the emission activa-
tion energy, the emission rate becomes large
enough for all the trapped electrons to be thermally
emitted to the conduction band and swept out of the
depletion region. This results in an increase in
the charge concentration in the depletion region
and a corresponding capacitance increase. There
will be one of these capacitance steps for each
activation energy in the upper half of the band gap.

TABLE II. Charge-state change by momentary zero bias.
scale exponded

Defect levels

E& & midgap

E~ & midgap

P'n

yes

no

n'P

no

yes
FIG. 3. Experiments.
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where m cannot be determined from the experi-
ment. The data are least-squares fittedto Eq. (8)
to give the thermal-activation energy for m = —1,
0, 1, and 2. Results for nz=2 will be quoted in the
text for reasons to be discussed.

B. Experimental Details

O. IOO in.

p-TYpE

FIG. 4. Diode geom otry.

The magnitude of each step can be shown29 to be
related to the concentration of defects producing
the step

2~c/c =x„/x„
where b C is the magnitude of capacitance step,
C is the capacitance after electron emission, N»
is the concentration of defects, and N~ is the con-
centration of shallow-level doping impurities ob-
tained from C 2 versus &~.40 This equation is valid
for N»& 0.1%I,. TSCAP measurements made on
both types of diodes allow a rapid inventory of the
electrically active defects.

The second experiment, emission-rate measure-
ments versus temperature, allows the determina-
tion of the activation energy of each defect. It
can be shown, "using Eqs. (3)-(5), that after a
momentary zero bias, the capacitance exhibits an
exyonential transient having a time constant given

by the reciprocal emission rate of the trapped ma-
jority carriers (electrons),

~c- '-~ (7)

where it is assumed that e„'» e~. Measurements
of this transient at various temperatures show an
exponential temyerature dependence,

et g (+T)m &
ss /AT

TABLE III. Diode types used in this study.

Diodes

72871A
72871B
72871C
72871D
61071B
61071C
61071D
22272A
22272B
42772A

n'p
n'p
n'p
n'p
p'n
p'n
p'n
p'n
p'n

Schottky

Substrate, (111) oriented

l.0 x 10 boron/cm3, Czochralski
4.0 x 10 boron/cm, Czochralski
4.0 x 10 boron/cm, Czochralski
9.0 x 10 boron/cm, Czochralski
5, 0 x 10 phosphorus/cm, Czochralski
5.0 x 10 phosphorus/cm, Czochralski
5.0 x 10 4 phosphorus/cm3, Czochralski
5.0 x 10 3 phosphorus/cm, Czochralski
5.0 x 10 3 phosphorus/cm, Czochralski
7,0 x 10 phosphorus/cm3, float zone

Figure 4 shows the diode geometry used in these
measurements. They were fabricated using stan-
dard diffusion techniques. n'p diodes were fabri-
cated by the diffusion of phosphorus into boron-
doped Czochralski-grown silicon. p'n diodes were
fabricated by diffusing boron into phosphorus-doped
Czochralski-grown silicon. The gate electrode
was used to monitor and control surface channels.
The diodes were bonded on To-5 headers at 400'C
for 30 sec before irradiation in order to avoid
annealing effects if post irradiation bonding is
employed. The residual deep-level-defect concen-
tration before irradiation was measured by the low-
temperature high-frequency capacitance method4'

and found to be of the order of 2&&10" cm 3 or less.
For the study of oxygen effects on defect for-

mation, float-zone silicon was used with an oxygen
concentration about 100 times less than in Czoch-
ralski-grown silicon. To avoid oxygen doping dur-
ing the high-temperature junction-diffusion process,
Schottky-barrier diodes were fabricated on the
float-zone material by evaporating 0.030-in. -
diam aluminum dots on chemically polished slices.
The junction is then sintered at a temperature of
550'C for 15 min in a dry-argon atmosphere.
The properties of the diodes used in this paper are
given in Table III.

The diodes were irradiated in vacuum at room tem-
perature with 1-MeV electrons at a current of 2. 0
pA/cm using the Van de Graaff accelerator located
at the Materials Research Laboratory of the Uni-
versity of Illinois. The irradiation sample holder is
shown in Fig. 5. The electron beam was colli-
mated by a series of apertures and struck the diode
mounted in a Faraday cuy. The total dose was de-
termined by integrating the current from the Fara-
day cup using an Elcor Model No. 3098 current in-
dicator and integrator. The dose was adjusted so
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FIG. 5. Irradiation sample holder.
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that the total defect concentration introduced mas
about 0.2 times the doping impurity concentration.
It is estimated that the temperature rise of the diode
during ix radiation mas less than 10 'C. For some ir-
radiations carried out at 20 pA/cm, the tempera-
ture rise exceeded 25'C. The diodes mere stored
in liquid nitrogen immediately after irradiation.

The capacitance measurements mere made using
a Boonton Model No. 71A direct-reading eapaci-
tanee meter mith a 1.0-MHz 15-mV measuring
signal. The analog output of the Boonton meter
mas recorded on a Hemlett Packard Model No.
71008 strip-chart recorder. The temperature mas
measured to +0. 2 K.

In the text following, a capacitance step mill be
identified by the temperature T,&~, at mhich the
capacitance change reaches one-half of its maxi-
mum. T,~~ corresponds roughly to the tempera-
ture at which the peak occurs in thermally stimu-
lated current~ or dC/dt measurements.

(ii) The activation energies of the defects ob-
served in this TSCAP measurement mere deter-
mined by measuring the emission rates as a func-
tion of temperature. The results of these mea-
surements are given in Fig. V. (The emission
rates greater than 1.0 sec ' mere determined from

III. EXPERIMENTAL RESULTS

After room-temperature irradiation of g'p and
p'g diodes, the folloming measurements mere made:
(i) TSCAP measurements to determine the number
of activation energies in the appropriate half of the
band gap (see Table II); (ii) emission rate versus
temperature to accurately determine the activa-
tion energies; (iii) introduction rates versus im-
purity concentrations to determine impurity de-
pendences of the defects.

A. Room-Temperature Irradiation: p-type (Ref. 32)

(i) A TSCAP measurement made on an irradiated
n'p diode shortly after irradiation is illustrated in
Fig. 6 (no steps were observed for T «VV 'K).
The capacitance-meter output was recorded versus
time or thermocouple emf. Curve b reveals the
presence of three activation energies in the lower
band gap. Curve c mas taken without zero biasing,
so that no holes are trapped. The temperature de-
pendence of curve g is due to bulk Fermi level
crossing the trap level in the edge region. Curves
g and b mere subtracted to yieM the capacitance
changes from hole emission in the depletion region.
Individual defect concentrations mere obtained by
using the measured capaeitanee changes as de-
scribed by Eg. (6).

72S7185

(c) NO

54

5l

(b) HOLE
TRAP

48
79 l07o I 55O

w ('K)
205

FIG. 6. TSCAP measurement on an irradiated g'p diode.
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FIG. 8. TSCAP measurement on an irradiated p'n
Czoehralski diode, T &77 'K.

O.I—

and S, it can be seen that the damage in these
diodes is dominated by the step occurring at 70'K.
Preliminary determinations~~ of the activation en-
ergy yielded a value near that associated with the
oxygen-vacancy pair. The defects in Fig. 9 could
be more easily studied if their concentrations are
higher and comparable to the 70 'K level in Fig. 8.
This could be accomplished by reducing the oxy-
gen-vacancy introduction rate by using float-zone-
refined silicon. The Schottky-barrier diodes were
fabricated on float-zone material for this purpose.
(An attempt was made to diffuse a junction in float-
zone material. Measurements of oxygen-vacancy
concentration after irradiation indicated that oxy-
gen had diffused over 30 p into the sample. )

Thermally-stimulated capacitance curves ob-
tained after the irradiation of these float-zone
diodes are shown in Figs. 10 and 11. Several dif-
ferences between float-zone and Czochralski ma-
terial are readily evident. A new defect is ob-

4I

FIG. 10. TSCAP measurement on an irradiated p'~
Goat-zone diode, T &VV'K.

served in Fig. 10 at T = 50'K, while the defect at
203'K observed in the Czochralski crystal in Fig.
9 is missing. The concentration of the defect at
70 'K is reduced in the float-zone diodes, confirm-
ing that it is oxygen related. (The area of the
float-zone diodes is one-tenth the area of the
Czochralski diodes. ) The steps in Pig. 11 have

42772A7, p n, FZ

p.5—

O. I 2

~~ 0.09

+ 0.06

p4-
LL

CL

o ps-

0.2—

0.05 O.I-

129 I69
T(K)

20 I

FIG. 9. TSCAP measurement on an irradiation p'g
Czochralski diode, T &VV 'K.

85 I34 I75

T (OK)

FIG. 11. TSCAP measurement on an irradiated p'n
float-zone diode, T &VV'K.
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FIG. 12. Electron emission rates from defects present
after room-temperature irradiation, T &63 'K.

the same relative magnitude as the steps in Fig.
10, achieving nearly equal concentration for all
the defects introduced.

(ii) The thermal-emission rates of electrons
at the defect centers corresponding to the capaci-
tance steps in Figs. 8-11 were measured versus
temperature. The results apyear in Figs. 12 and

13. The curves are labeled with the temperature
at which the steps occur and with the activatio~
energy obtained from Eq. (8) with m =2. (The
capacitance transient related to the 70'K step
was nonexyonential. The data presented here were
obtained by taking the reciprocal of the time re-
quired for the capacitance change to decay by a
factor of 1/e. )

The contents of Figs. 12 and 13 require some
exylanation. Two slopes are observed related to
the step at 175 K. The slope of 413 meV was ob-
served in Czochralski diodes having a low phos-
yhorus concentration. The slope of 471 meV was
observed in float-zone diodes and in Czochralski
diodes with high phosphorus concentration. This
implies that there are probably two different de-
fects contributing to this cayacitance step, one

phosphorus related and one independent of phos-
phorus.

The slopes of the data related to the 104 and 70 'K
steps appear to be independent of the diode type.
The 203 'K center is observed only in Czochralski
diodes and the 50 'K center is observed only in the
float-zone diodes.

IO

IO

10

IO

10

IO I

14 16 18 20 22 24

IOOO/T ('K )

FIG. 13. Electron emission rates from defects present
after room-temperature irradiation, T & 83 'K.

These data were least-squares fitted to Eq. (8)
with the results as indicated in Table VI. The
large error limits on some of the data are the re-
sult of small defect concentrations.

(iii) The oxygen and phosphorus dependence of
these defects may be determined by measuring the
introduction rates in float-zone silicon and in
Czochralski silicon with various phosphorus con-
centrations. The results of the introduction-rate
measurements are given in Table VII.

Looking first at the results of measurements on
Czochralski diodes, it is seen that the 70 (174 meV)
and 104 'K (236 meV) centers are independent of
the phosphorus concentration. The data on the
203 'K (358 meV) center are not sufficiently accurate
to be interpreted. The 175 K capacitance step
again shows evidence of the effects of two types of
defects; it is independent of phosphorus at small
concentrations, but its introduction rate increases
at high phosphorus concentrations. This is fur-
ther evidence of the contributions to this capaci-
tance step from one or more phosphorus related
defects and one or more phosphorus independent
defects.

Comyarison of the introduction rates in float-
zone diodes and Czochralski diodes confirms the
dependence of the 70 'K (174 meV) defect on oxy-
gen and indicates that the 203'K (358 meV) defect
is also oxygen related. The introduction rates of
the other defects increase with decreasing oxygen
concentration.

The results of the measurements to determine
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FIG. 15. Annealing behavior of defect concentrations in

an n'-p diode.

measurements made shortly after irradiation. The
second point at 25 'C is the defect concentration
after a 30-min room-temperature anneal. A de-
crease in the concentration of the 291-meV de-
fects is accompanied by an identical increase. in
the 354-meV concentration, indicating that one de-
fect is being converted into the other by room-tem-
perature annealing. (A long irradiation at high
flux could result in the 291-meV defect not being
observed at all, due to sample heating. )

Only the 354-me7 defect survives 400 C anneal-
ing. The annealing was terminated at this tem-
perature due to diode deterioration near the gold-
silicon eutectic.

The results of the annealing of p'n diodes are
given in Fig. 16. The curves show the introduc-

Float Zone
O.I6-o- -0

0

O.I2
0

T$ 6E
I 75 471 0
I 04 236

e
} 0,08
I-

0.04- /
/

0--& —-4

b.—-~

0——o o~p -0
Np

Pulled T I &E Nphos horusF
I T5

{rneV) 5 x IO 4x IO

175 4I3
l75 47 I o
104 236 0
70 g7Q

20& &gQ

147 348

— 'p- -o

Xp

O.OI2

E
O

e 0.008:

0.004—

—~ .2

~,-0- -0- —p- -o—-p /I~—-@—-D —-&--I-}~i0 ~

i ~
/

'p

Q ~
-o

--0-~
—-~—==--+--~--~- -V- -~--

IOO 200 300

a nneal

FIG. 16. Annealing behavior of defect concentrations in
p'n diodes.

tion of a new defect in Czoehralski diodes at 350'C,
yield confirmation of the two-defect nature of the
175 'K capacitance step, correlate the phosphorus-
vacancy defect with the 471-meV thermal-activa-
tion energy, and correlate the oxygen-vacancy
defect with the 174-meV thermal-activation energy.

The annealing of the 175 'K capacitance step in
the high-phosphorus Czochralski diodes and in the
float-zone diodes shows an annealing stage at
1QQ-150 'C that is not observed in the low-phos-
phorus Czochralski diodes. This annealing stage
has been correlated with the phosphorus-vacancy
defect. ~'~3 The 175 'K capacitance step is there-
fore comyosed of the phosphorus-vacancy pair and
a second phosphorus-independent defect of un-
known nature.

The oxygen-vacancy pair has been shown to an-
neal at 300-350'C. 4' ' In Fig. 16, the 70'K
defect, already shown to be oxygen related, is
shown to anneal in this temperature range. This
correlates the 174-meV emission activation energy
with the oxygen-vacancy pair.

Consider now the annealing above 150 'C related
to the 175 and 104 'K capacitance steps in the
Czochralski diodes. The annealing of these two

steps is almost identical for both phosphorus con-
centrations in the 150-250 'C range. Above 250 'C,
the curves separate into pairs associated with the
two phosphorus concentrations. This behavior sug-
gests that the 236- and 413-meV thermal-activation
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FIG. 17. Electron emission rates related to 104'K
capacitance step in annealed and unannealed Czochralski
and float-zone diodes.

terial after room-temperature irradiation and af-
ter the 200 C anneal. The emission rates mea-
sured under these four conditions could indicate
differences in the defects present.

The results of these measurements related to
the 104'K capacitance step are indicated in Fig.
17. No significant difference is observed in the
four emission-rate measurements, implying that
the defect observed in Czochralski material is the
same as that observed in float-zone material and
that this defect survives 200 'C annealing.

The results of these measurements, related to
the 175 'K capacitance step, are presented in Fig.
18 and indicate the complex nature of the associated
defects. Six different sets of measurements are
shown, since a difference between Czochralski
diodes with varying phosphorus concentrations has
already been observed. The data can be fitted to
four different slopes. The solid line is the same
as the 471-meV curve in Fig. 12. It is measured
in unannealed float-zone diodes and high-phos-
phorus-concentration Czochralski diodes and is
related to the phosphorus-vacancy pair. The dash-
cross line was measured on float-zone diodes after
annealing out the phosphorus-vacancy pair. The
dash line was measured in low-phosphorus Czoch-
ralski diodes before and after annealing. The emis-

energies are associated with the same defect cen-
ter, the defect annealing temperature being depen-
dent on the phosphorus concentration. This type
of annealing behavior has been observed46'4~ for
the phosphorus-vacancy center and attributed to
charge-state effects or to interactions between
defects.

The annealing of the two capacitance steps in
float-zone material does not allow this conclusion,
however. Though the annealing of the 175 'K step
in float-zone material is qualitatively similar to
the annealing of this step in Czochralski material,
the annealing of the 104'K capacitance step shows
negative annealing (apparently associated with the
annealing of the phosphorus-vacancy pair) and the
introduction rates are not equal in the range of
150-250 'C.

The relationship between 175 and 104 'K defects
is, therefore, not clear from these annealing mea-
surements. It is not clear that the defects ob-
served in Czochralski material are the same as
those observed in float-zone material, nor how the
defects present after room-temperature irradiation
are related to those present after annealing at
200 'C. To obtain further information to answer
these questions, the emission rates related to the
104 and 175 'K capacitance steps were measured
and compared for Czochralski and float-zone ma-

unannealed FZ

O.OI

I

5.2 5.6 6.0
1000/T ( K l

PIG. 18. Electron emission rates related to 175 'K
capacitance step in annealed and unannealed Czochralski
and float-zone diodes.
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curves is not affected, since no impurity depen-
dences were observed for the impurity concentra-
tion in these samples (6&& 10'4 cm ~).

V. DEFECTS INTRODUCED BY ANNEALING
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FIG. 19. Annealing behavior of total defect concentration
in Czochralski diodes.

sion-rate measurements after annealing the high-
phosphorus Czochralski diodes showed nonexponen-
tial transients. It mas found that this could be fit-
ted to tmo exponentials, indicating the presence of
two defects. The fast component of this decay coin-
cided mith the emission rates measured in low-
phosphorus Czochralski diodes (dash line). The
slow component introduced the fourth slope (dash-
dot line).

These data indicate that as many as four dif-
ferent defects may be contributing to the 175'K
capacitance step, all with thermal-emission activa-
tion energies between 413 and 471 me7'. It has
been known for some time that several different
defects give energy levels in this range (see Ref.
43$ pp. 84-86).

The emission rates measured in annealed (dash-
cross line) and unannealed (solid line) float-zone
material are similar, having approximately the
same slope but a slightly smaller magnitude. One
may speculate that this means that the defects ob-
served in annealed float-zone material are stabil-
ized phosphorus-vacancy pairs. These stabilized
pairs would not be seen in Czochralski diodes be-
cause of the large concentration of 413-meV de-
fects.

The annealing behavior of the total defect con-
centration in Czochralski material is shown in Fig.
19. The introduction rates in Figs. 15 and 16
were added to obtain the curves labeled p-type and
n-type, respectively. These were then added to
give the total defect concentration. The shape of
this curve is dominated by annealing of the oxygen-
vacancy pair. Though the impurities in the n-
and P-type samples differ, the shape of these
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FIG. 20. Boron dependence of introduction rates of
defects produced by annealing.

The impurity dependence of the defects intro-
duced by annealing was investigated by measuring
their introduction rates in diodes with varying
doping impurity concentrations. In Fig. 16, the
level introduced at 350 'C is represented by solid
circles for a phosphorus concentration of 5x10'
cm~ and by solid squares for 4x10' cm . The
introduction rate is seen to increase mith phos-
phorus concentration, implying that this defect is
phosphorus related. Since it appears to be related
to the oxygen-vacancy annealing, it may also be
oxygen related. The oxygen-vacancy pair moving
through the lattice may be trapped and stabilized
at a phosphorus site to form a phosphorus-oxygen-
vacancy defect. It is possible also that the oxygen-
vacancy pair breaks up and only one of the constit-
uents is trapped at the phosphorus site. Similar
possibilities have been discussed by Corbett et al.

The impurity dependence of the defects intro-
duced in p-type silicon was determined in a simi-
lar fashion. The introduction rates for samples
with different boron concentrations are shown in
Fig. 20 versus annealing temperature. The intro-
duction rates are independent of the boron concen-
tration implying that these defects are not boron-
defect complexes.

The activation energies related to these defects
were determined from emission rate versus tem-
perature measurements. The results appear in
Fig. 21. The data mere least-squares fitted to Eq.
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TABLE IX. Least-squaxes-fit parameters for differ-
ent powers of T in the preexponential factor for annealed-
in defects. Tolerances indicated are 70% fiducial limits:
&t gt (~ y~m hg/pg

,a 300

iO

10

Ec Ex=348 meV
347.7 + 6.9
360.3 + 6.9
372.9 + 7.0
385.6 + 7.0

E&-E&=302 meV,
301.5+ 0.7
314.7 + 0.7
327.8+ 0.7
340.9 + 0.8

A~ (10 sec ~)
n~P

Tg(2-147 'K

0.303 + 0.169
0.402 ~ 0.222
0.534 + 0.295
0.708 + 0.392

Tg(2=120 'K
3.37 + 0.19
4.78+ 0.25
6.V8~ 0.38
9..62+ 0.63

IO

lO
OP

~ C
QP

lO
i Ta~neol

Ep-Ep=239 meV,
238.8+ 0.7
249.4+ 0.6
259.9 + 0.6
270.5 + 0.7

Tg)2= 99 'K
1.38+ 0.10
1.58+ 0.11
1.80+ 0.12
2.05+ 0.15

Eg-Ez =458
458.4 + 1.2
476.6 + 1.2
494.7 + 1.2
512.9 + 1.3

meV, Tg]2=176 'K
2.82+ 0.19
5.50+ 0.37

10.7+ 0.75
20.9 + 1.6

gg-Ez =442 meV,
442. 0+ 7.2
457.4 + 'F. 2
472.8 + 7.3
408.2 + 7.4

Tg(2 =179 'K
0.505 + 0.234
0.819+0.384
1.33 + 0.63
2.15 + 1.0

(8) with the results as given in Table IX. Data
from Fig. 18 are also included in Table Ix.

VI, CHARGE-STATE DETERMINATION

The charge state of the defects produced by elec-
tron irradiation can be determined by measuring
the charge they introduce in the depletion region
of a revexse-biased diode. The charge concentra-
tion before irradiation (corresponding to the shal-
low-level doping impurity concentration) is mea-
sured and analyzed by Eg. (4) and compared to the

6 8 9
l000/T ('K )

FIG. 21. Majority carrier emission rates of defects
produced by annealing.

concentration after irradiation (corresponding to
the net concentration resulting from the doping im-
purities and the charged defects). Differences in
these hvo quantities are compared with defect con-
centrations to determine the chaxge of individual
defects.

At room temperature, the emission rates will be
large and steady-state charge state may be as-
sumed immediately (no electrons trapped at levels
in the upper band gap, no holes trapped at levels
in the lower band gap). The effect: on the charge
concentration of various kinds of defects is given
in Table X. The total change in the impurity con-
centration due to irradiation will be given by the
net effects of the various types of defects intro-
duced.

The results of these charge concentration mea-
surements are given in Table XI. For Czochralski

TABLE X. Changes in the magnitude of the charge concentration in the depletion region of a reverse-biased diode due to
the introduction of various types of defects: p(after irradiation) =pe)efore irradiation) + qK.

single acceptor

single donor

single acceptor-like
one impurity complex

single donor-like
one impurity complex

Defects belo~ midgap, 8&& e„
p-type n-type

Defects above midgap, e„&e&
p-type n-ty'pe
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Type

p type
(Czochralski)

n type
(Czochralski)

Annealing

no correlations

no correlations

TABLE XI. Charge concentration measurement results:
p (after irradiation) =p (before irradiation) +qh. 0
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material, no significant change is observed after
irradiation or during annealing in either p type or
n type. This information, together with the lack
of impurity dependences, was compared to Table
X. It implies that the defects above midgap are
acceptors and those below midgap are donors.

For float-zone material, changes in the charge
concentration were observed that correlated in
magnitude with the concentration of the phos- .

phorus-vacancy pair. This change annealed out
during the annealing stage associated with the phos-
phorus vacancy. This follows the behavior indi-
cated in Table X for a single-acceptor-like one-
impurity complex with energy level above midgap.

The validity of these measurements for the case
of the defects in n-type Czochralski with small de-
fect concentrations is questionable. The concen-
trations of these defects were never more than a
few percent of the impurity concentration. Changes
in the total charge magnitude of only a few percent
were not deemed significant.

VII. COMPARISON WITH PREVIOUSLY PUBLISHED WORKS

Tables XII and XIII summarize the properties of
defects introduced in silicon by 1.0-MeV electron
irradiation as determined by these measurements.
These results can be compared with those obtained
using other methods. Before this comparison is
made, it would be useful to discuss the question
of whether the measurement techniques used in
this study introduce effects not seen in other bulk
measurements. In the studies reported here, a
limited region of the silicon crystal is investigated.
This region lies within 10-30 p, of a diffused pn
junction or a Schottky barrier. The diffused re-
gion, 3-5 p deep, contains a high concentration
of impurities. In most other studies, the sample
has a uniform impurity concentration.

In the diodes used in these studies, the concen-
tration of impurities in the diffused region is 104

to 10 times the concentration in the substrate. A
consequence of this is that the depletion region lice
mostly on the lowly doped side of the junction.
Therefore, the defects observed in these studies
are located in the substrate of the diode and not in
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TABLE XOI. Summary of results for defects observed in p-type silicon.

4601

~(meV) Nzz/4 {cm )
Charge Tg/2 ('K)
state Boron dependence A&(10 sec ~) b = 0.4 'K/sec

Annealing
In Out
'C 'C

References reporting
similar energies or

behavior

182 0.004 donor no 0.0599 89 250 4, 5, 7, 9, 15, 17,
20, 28

291

302

donor

see text donor

0 donor

no

no

no

1.38

1.30

3.37

99

119

120

175 350

25 4, 20

225 350

354 0.025 donor no 0.237 150 7, 11, 14, 21-23,
28

the diffused region with its high impurity concen-
tration. Defects in the highly doped region make
no contribution to the observed capacitance tran-
sients. This is verified by the fact that the capaci-
tance steps observed in one diode polarity are not
observed in the other.

An electric field is present in a portion of the
diode even at zero bias due to the built-in potential.
However, as shown in Fig. 2, the defects lying in
this region do not contribute to the capacitance
transients. During irradiation and annealing, the
diode was zero biased so that the measured intro-
duction and annealing rates were not affected by an
electric field.

Although the defects observed in this work are
located in the region of lower impurity concentra-
tion, the presence of the nearby high-impurity re-
gion could influence the measurement results if
this region acted as a sink or source of defects
during the irradiation or annealing. This yossibili-
ty was investigated by measuring the spatial varia-
tion of the defect concentration, using differential
capacitance measurements. These measure-
ments were made twice, once with the defects
charged and once with the defects neutral. The
difference between these two measurements gives
the spatial variation of the defect concentration.
If the diffused region acts as a sink (or source),
it would be expected that the defect concentration
near the junction would be larger (smaller) than the
concentration farther from the junction. Typical
results of the concentration-profile measurements
are given in Fig. 22, for both diode polarities.
It is seen that the defect concentration is virtually
constant, indicating that the diffused region is not
a source or sink of defects.

The conclusion to be reached from these con-
siderations is that the impurity profile present in
the diodes of this study introduces no effects that
would not be expected in uniform bulk measure-
ments. The thermal-emission activation energies
reported here may not be directly comparable to
other energy-level measurements, however. The
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FIG. 22. Spatial variation of the defect concentration in
n'p and p'e diodes.

thermal-emission activation energy is defined by
Eq. (8). Each value of m in this equation defines
a dif ferent thermal-activation energy. Tables IV,
VI, and IX indicate that the experimental data are
fitted with the same percentage uncertainty by
several values of m. Therefore, the "correct"
choice of m cannot be determined from experi-
ment. Although for a given m, the experimental
data yield a highly accurate energy, the uncertain-
ty introduced by the choice of m is of the order of
a 10%.

The thermal-emission activation energies quoted
in the text are obtained using m = 2 in Eq. (8). This
value was chosen as the most plausible value by
considering detailed balance at thermal equilibrium.
This principle relates the emission rate to the cap-
ture cross section:

t -hs/kT
~rf(P) thon(P) C(V) ~

where vt„ is the average thermal velocity, o„'&» is
the electron-(hole-) capture cross section, and
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TABLE XIV. Comparison of results of Sonder and
Templeton~t~(ST) with the results of this study.

~(me V)
ST This work

not observed Ec—112

Comments

Ec-170

Ec-210
not observed

@—470

174

236

413
442
458
471

only level ST observed in n-type Czochralski

observed by ST after annealing to 280 'C

ST observed annealing at 100-150 'C with
a residual concentration not annealable at
280 'C

not observed

Ev+ 350

358

Ez+ 354 ST observed annealing at 350 'C

not observed 302

not observed

not observed

Ey+ 210

291

239

182 ST observed this level in float-zone
material, but not in Czochralski material;
annealing was observed at 180-200 'C

A. Other Defect Inventory Measurements

The results of other measurements are sum-
marized in Table I. Comparison with Tables XD;

N«~& is the effective density of states in the con-
duction (valence) bond. The value of m may be
inferred from the temperature dependence of the
preexponential factor in Eq. (9). The temperature
dependence of the cross section must be known.
For all of the defects in this study, the measured
emission rate corresponds to a transition from a
charge state to a neutral state. The inverse pro-
cess of capture then corresponds to capture by a
neutral defect. Measurements of capture cross
sections of neutral defects generally show no tem-
perature dependence. ~ ' Then, with vt„- T'
N-T ~, and p' T, Eq-. (9) gives

et T2e hs/PT (10)

Thus, m =2 is a plausible choice, assuming that
Eg. (9) is accurate when high fields are present
and that neutral centers are involved. For the
case of charged defects, when excited states may
play an important role in the emission process, an
analysis by Ning' indicates that m = 0 is the prop-
er choice.

Because of this uncertainty in the choice for m,
comparison of the thermal-emission activation en-
ergies reported here, with energy-level measure-
ments reported using other techniques, must be
approximate. Defect correlations must be made
through observed impurity dependences, annealing
behavior, and approximate energy-level agreement.
The results of other measurements will now be
compared to the results reported bere, with this
limitation in mind.

and XIH shows that the activation energies observed
in these studies are similar to those observed ear-
lier. This is the first work in which these levels
are observed simultaneously.

A study that closely parallels that described here
has been published by Sonder and Templetons'7
(ST), who used Hall-effect measurements to investi-
gate the energy levels appearing in silicon sub-
jected to 6 Co y irradiation. Their results are com-
pared to those of this study in Table XIV.

The defects observed by ST correspond to the de-
fects having the largest concentrations. The de-
fects with smaller concentrations were not measured,
although ST made several references to slight
changes in the Hall coefficient that could not be re-
solved. Several of these defects were observed
only in Goat-zone material when the dominant E~
—174-meV or E~+354-meV defects were absent,
whereas the defects were observable in both Czoch-
ralski and float-zone materials in this study.

ST report one level not observed here. This was
a level at E~+ 280 meV observed only in float-zone
p-type material, which was not studied in these
measurements.

The annealing behavior reported by ST for their
Ez- 210 meV, Ez+ 350 meV, and E~+ 210 meV is
very similar to the annealing behavior of the E~
—236-meV, E~+ 354-meV, and E&+182-meV cen-
ters reported here. They failed to observe the
room-temperature annealing of tbe 291-meV defect
and to analyze the levels introduced by annealing.

Another study reporting similar energy levels is
one by Almeleh and Goldstein. 3 They report levels
in p-type silicon at E„+390meV, E~+300 meV,
and E~+ 200 meV. Although there are other sim-
ilarities between the two sets of data, Almeleh
and Goldstein conclude quite different characteris-
tics for t'he defects they observed. Their results
will be discussed further in the section on spin-
resonance measurements (Sec. VIIB).

B. Spin-Resonance Measurements

Comparisons with spin-resonance measure-
ments24 28 has allowed the identification of two of
the defects observed. The phosphorus-vacancy
pair is associated with the 471-meV activation en-
ergy and the oxygen-vacancy pair is associated
with the 174-meV energy. These identifications
are made through the observed impurity depen-
dences and annealing behavior.

There are other reported spectra that may be
related to defects observed here. Jung and Ne-
well, 7 studying neturon-irradiation silicon, ob-
served annealing behavior very s1milar to that re-
ported here; defects annealing in and out, in the
range 100-500 'C. Though the shapes of several
of their curves match those here, there is poor
agreement in the annealing temperatures. The
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only reasonable correlation occurs between their
Si-N center and the E„+302-meV center. Though
different defects may be introduced by neutron
irradiation, it is of interest to look for these cor-
relations.

Dalysa has reported a center (SiB3) in neutron-
irradiated silicon that has similar annealin„. be-
havior to the E~+239-meV center.

Almeleh and Goldstein~~ have studied paramagnet-
ic defects in p-type silicon. The energy levels
they observed were discussed in Sec. VIIA. They
observe the K center (SiG16) in Czochralski ma-
terial, the J' center (SiG6) in float-zone material.
There are two correlations between their mea-
surements of the K center and the E~+291-meV
center observed here: (i) The energy level deter-
mined from Hallwffect measurements was 300 meV;
(ii) the defect was not observed after heavy bom-
bardment. The 291-meV defect is not observed
after heavy irradiation due to annealing caused by
heating effects.

Almeleh and Goldstein found, however, that the
defect can be observed under illumination or after
300'C annealing and attribute the loss of the res-
onance to depopulation of the level, rather than
annealing. It is interesting to note that the E~
+302-meV defect is introduced by 300 'C anneal-
ing and that the associated emission rates are
very similar to the 291-meV rates. It would be
difficult to understand, however, how a defect un-
stable at room temperature could reappear after
300'C annealing, suggesting that these are two
different centers. Carter has measured prop-
erties of a defect with 300-meV energy level,
stable to 400'C that is a more likely candidate for
the K center.

Almeleh and Goldstein report a deeper level at
E~+ 390 meV that is responsible for the hole de-
population of the E center. This center must an-
neal at T & 300 'C to explain the reappearance of
the X-center spectra. A center at E~+ 354 meV
is reported here but is stable to above 400 'C.

Almeleh and Goldstein associated the J center
with a level at E~+ 200 meV, similar to the 182-
meV center observed here. The J center, however,
has been associated with the divacancy 7 which an-
neals at 300'C. ~~ The 182-meV center anneals
at 225'C.

There have been other spectra detected for
which only the g values have been reported. Some
of these spectra may be related to defects reported
here, but this cannot be determined until the im-
purity dependence and annealing behavior of the
spectra are reported.

C. Annealing Measurements

The annealing measurements reported here were
important in identifying the oxygen-vacancy pair

and the phosphorus-vacancy pair. They also
established the complex nature of the defects with
energies between 413 and 471 meV. Annealing
measurements made by other investigators are use-
fulto comparetheir results with those reportedhere.

(i) Room-temperature annealing has been ob-
served by Malovetskaya and Vavilov. The en-
ergy level was located at E~+210 meV or E~+ 250
meV.

(ii) Sonder and Templeton~ have observed an-
nealing of an E~+210-meV defect at 180-200'C
and annealing of an E„+350-meV defect at 350 C
in good agreement with the annealing behavior of
the 182- and 354-meV centers observed here.

(iii) The introduction of defects by annealing
has been observed many times. ~'45'~~ This is prob-
ably related to the negative annealing often ob- '

served. ' ' ' ' ' The defects introduced in p-type
silicon may be related to those observed by Jung
and Newell ~ and by Daly. The defect introduced
at 325 'C associated with the oxygen-vacancy anneal
may be the same as that observed by Corbett et
al."and by Tauke and Faraday. '

Figure 19 gives evidence that these defects in-
troduced by annealing are the result of reordering
of electrically active defects already present. In
this figure, it is seen that the total defect concen-
tration is almost constant until the oxygen vacancy
begins to anneal around 300 'C. Inuishi and Matsu-
ura' have suggested that reverse annealing of life-
time at an annealing temperature around 200 'C
is related to dissociation of the oxygen-vacancy
pair. This suggestion is consistent with our mea-
surements since new defects are introduced at this
temperature and a slight decrease in the oxygen-
vacancy concentration is observed.

The annealing of the phosphorus-vacancy pair
is accomplished by the dissociation of the com-
ponents. This can be seen by the fact that mea-
surements of the room-temperature charge con-
centration in the depletion region made after each
anneal show that the phosphorus atoms are return-
ing to their shallow-level configuration. The neg-
ative annealing of the 236-meV center observed
in Fig. 16 is probably associated with the capture
of the free vacancy by some other defect.

D. Defects Not Observed in This Work

Several defects commonly observed in silicon
were not detected in these measurements. These
werethedivacancy, ' ' ~' 64 aboroncomplex, 3 ~

and a stable defect with an energy level about 300
meV above the valence band. ' ~6~ ~~ ~ '

The divacancy introduces three energy levels in
the band gap at Ec Er=0. 4 eV, Ec Er=0 54
eV, 'andE~-E~=0. 27 eV, 'and anneals at
300'C. ~~ The presence of the divacancy would be
detected in these measurements by observing three
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activation energies with identical introduction
rates and annealing behavior. This was not ob-
served. In addition, a defect with a midgap level
should dominate the reverse current temperature
behavior. Measurements of the temperature de-
pendence of the leakage current yielded an activa-
tion energy of 780 meV, indicating it is associated
with the 354-mev defect, rather than a midgap
level. It is suggested that the divacancy concen-
tration is too small to be detected in this work
placing an upper limit on its introduction rate in
these samples of 0.0001 cm

The acceptor-defect complexes identified by
Cherki and Kalma~a were observed in samples with
higher doping subjected to 'larger doses than the

samples in this study. This may explain why they
mere not observed in this work.

The defect with a level 300 mev' above the va-
lence band has already been discussed relative to
the Almeleh-Goldstein measurements of the K
center. This level has been observed using Hall-
effect measurements and lifetime measurements.
It is possible that this defect is the same as the
354-meV defect observed here; the annealing be-
havior"" is similar. It is also possible that some
of the lifetime measurements are detecting the 236-
meV defect observed in the upper band gap. The
level has been observed by Wilson, ' in neutron-
irradiated silicon using similar capacitance mea-
surements.
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Schottky-Barrier ElectroreAectance: Application to GaAs
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%'e describe a Schottky-barrier electroreflectance (ER) technique for making high-resolution optical
spectroscopic measurements on semiconducting materials. %'hen combined with recent line-shape theories

of low-field ER spectra, the method provides order-of-magnitude improvement in resolution of structure

and accuracy in the determination of critical-point energies and broadening parameters as compared to
previous spectroscopic work on higher interband transitions. The Schottky-barrier technique is applied to
GaAs, ~here separate critical-point contributions of I and 5 symmetry in thekz triplet areresolved
for the first time, together with all members of the quadruplet at X. %'e find the values of
critical-point energies F. , and broadening parameters I for the following transitions at 4.2'K (all

energies are in meV): Eo(1517.7 + 0.5, & 0.3); Fo + 60(1859+1,6+ 2).„E,(3043.9+ 1, 28+ 1);
F. , + 5,(3263.6+ 1, 38+ 2); E' triplet, I symmetry: (4488+ 10, g 40+ 5), (4659+ 10, 30+5},
(5014+15,47+ 10); Fo triplet, M, transitions, I symmetry: (4529+ 10, & 36+ 5) and

(4712+ 10„34+5); E, complex, X: (5137+ 10, 104+ 10); E, complex, X quadruplet:
(4937 + 10, 47 + 10), (5014 + 10, 47 + 10), (5339 + 10, 48 + 10}, (5415 + 15, 50 + 15). These values

enable us to determine the following spin-orbit-splitting energies: ho = 341+ 2 meV, 5, = 220+ 2

meV, ~0(at I) = 171+ 15 meV, ~ 0(at 5) = 183+ 15 meV, and 5, = 77+ 10 meV. The splitting of
the lower conduction bands at X due to the antisymmetric potential is 5; = 402+ 10 rneV. The Eo
transitions of 5 symmetry are sho~n to lie about 10% of the way from I to X. By comparing the

period of the large number of Franz-Keldysh oscillations observed at the E, + 5, transition with those
of the F.o+ 60 transitions observed in the high-field measurements, we determine a value

p, z ——(0.055+ 008)me for the transverse reduced mass at F. , + 6, ~ These results are compared to
previous experimental measurements and to calculated energy-band structures for GaAs. The
determination of critical-point symmetry in surface-barrier geometries in terms of the transformation

properties of the third- and fourth-rank low-field ER line-shape tensors is also discussed. Finally, the

vanishing of an ER spectrum at a hyperbolic critical point, a reduced-mass effect predicted by the
general theory of the Franz-Keldysh effect, is observed for the first time.

I. INTRODUCTION

Since the discovexy of the electroreflectance
(ER) effect in 1964, numerous forms of modulation
spectroscopy have been developed and great pro-
gress has been made in optical spectroscopy of
solids. As a result, much information has been
obtained about the energy band structure and criti-
cal-point spectra of a wide variety of materials. @

Recently, it has been shown that the sharp and
richly structured ER spectra obtained at sufficient-
ly low values of the modulating field arise from
highly resonant fourth-rank-tensori". 1 field-induced
changes in the linear dielectric function. 4' These
line shapes are closely related to the third deriva-

tive of the unperturbed dielectric function, ' and
thus are more directly suitable to high-resolution
spectroscopy than other forms of modulation spec-
troscopy vrhich yield broader first-derivative spec-
tra.

Since low-field ER line shapes simply scale
quadratically in the applied modulating field, de-
pletion-barrier modulation is particularly well
suited to high-resolution spectroscopy of semicon-
ducting materials. In addition to minimizing field-
inhomogeneity effects, ' the quadratic field de-
pendence can be combined with the square-root de-
pendence of the field on modulation potential in a
fully depleted (nonequijibrium) space-charge region
to yield spectra which are linear in the applied po-


