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Pulsed-photocapacitance measurements prove that an oxygen center in GaP can deeply cap-
ture two electrons and also provide strong evidence that this center is the isolated 0 donor.
Measurements of the rates of capture of electrons by 0 and recombination rates of electrons
bound to 0 with holes are presented. These rates were determined using a modification of the
photocapacitance method. The 0 donor was prepared in specific charge states, in a diode de-
pletion layer, and the changes in the trapped charge population resulting from appropriate puls-
ing of the diode bias voltage were then studied by photocapacitance. In this way the capture
and recombination processes of interest always occurred in neutral material. The capture
cross sections for electrons at 296 Kwerefoundto be Ogf 2 & 10 ~ cm, 0„2= 1 && 10 9 cm for
n-type material and 0&~ =4&& 10" cm, o&2&&&& 10 cm for p type. (The subscripts refer to
the one- and two-electron states. ) The lifetimes of the bound electrons in p-type GaP with
p= (2.5 + 0.7) x 10' cm are 7&& =46 p,sec agd v&2&5 nsec. The second electron recombines
with a hole without any Auger effect, since the first electron remains on the center. The tran-
sition rate is very fast and must be nonradi@tive. Both of these facts are consistent with the
electron having a level just above the valence band, as found previously. Using conf,

a minority carrier lifetime of 13 nsec, and pn 0-donor density of 2. 8&& 10~6 cm 3, the maxi-
mum 0 concentration reported earlier, we calculate that only about 1.5% of the recombination
current is through 0 in p-type material.

I. INTRODUCTION

Traps in semiconductors are characterized by
their concentration, energy levels, thermal-emis-
sion rates, optical cross sections, and capture
cross sections. In Paper I' all of these properties,
except the capture cross sections, were deter-
mined for the oxygen donor in GaP. In this paper
we report the measurement providing three of the
four capture cross sections of the O donor and
indicate a lower bound for the fourth. The mea-
surements were made by applying pulses of short
duration to a diode and observing the resulting ef-
fect on the photocapacitance signals.

Photocapacitance measurements detect traps in
the depletion layer of a reverse-biased junction.
However, the capture cross sections of interest
are actually those in a neutral material because
recombination takes place primarily in the field-

free region within a diffusion length of the edge
of the depletion layer. The photocapacitance
method can be made to provide the required in-
formation by noting that if the reverse-bias volt-
age of a junction is momentarily reduced, the de-
pletion layer contracts, thereby making free car-
riers available for recombination processes. The
time available for these processes is just equal
to the time for which the bias voltage is reduced,
while the spatial location in which recombination
can take place is the region through which the de-
pletion layer is moved. In this way both the tem-
poral and spatial dependence of the processes can
be investigated.

In addition, the method can be further extended
to provide minority-carrier-capture rates. This
is achieved by suitably forward biasing the junc-
tion, thereby injecting free carriers into the neu-
tral material, and subsequently reverse biasing
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the device to allow a photocapacitive determina-
tion of the resulting change in a trapped charge.

In our preliminary measurements of the properties
of oxygen inGaP, two charge states were observed,
denoted 1 and 2 for the one- and two-electron
states, but it was not initially realized that these
were two charge states of the same center. How-
ever, it was readily shown by pulse experiments
that the recombination lifetime of state 2 was or-
ders of magnitude shorter than that of state 1. Qn
these grounds, one might have expected that if
state 2 was suitably prepared in isolation (i. e. ,
each center binding only one electron), a short
pulse would remove the state-2 population without
affecting the state-1 population. In actuality it
was found that removing one electron from all the
populated state-2 levels produced a new, and sub-
stantially equal, state-1 population, demonstrating
that both states belong to the same center.

A very unusual property of the second electron,
as discussed in Paper I, is its large increase in
binding energy after capture. This remarkable
behavior initially casts some doubt on the identi-
fication of the center as that of the isolated Q
donor. However, the fact that state 1 was found
to have the same binding energy and lifetime as
that of substitutional oxygen is considered strong
evidence that it has been correctly identified.

Section II deals with the theory of electron cap-
ture. The experimental details are discussed in
Sec. ID. Section IV demonstrates that Q can trap
two electrons. Qur measurements of the capture
cross sections are reported in Sec. V. Some in-
terpretation of these results is given in Sec. VI.
The role of substitutional Q as a killer center in
Gap electroluminescence is discussed in Sec. VII.
Finally, Sec. VIII summarizes the evidence that
the center studied is substitutional oxygen, and all
results are summarized in Sec. IX.

II. THEORY

In neutral material the kinetics of the Q trap are
governed by four capture rates c„„c„c„, and

c», where 1 and 2 refer to the one- and two-elec-
tron states of the 0 center and n and P refer to
the capture of electrons and holes. The capture
rates are related to the capture cross sections by

Cn1

0 'I

Cna

Cpp

0
2

FIG. 1. Schematic dia-
gram showing how the
populations of the three
charge states of 0 are
coupled by electron and
hole capture.

e

111+(cn1+cpg+cng)ny+ (cnl cp2)82 = c„,N,
—cnan1+ng+ cppn2 =- 0 ~

Consider recombination on the p side with no
carrier injection. In this case, c„,= c„~= 0. The
equations simplify to

n], + cp1 n f Cpgnp

ng+cppn2=0 .
(4)

-1
n1= Cn ], Onl Vnn &

-1
~n2 = Cng = &ng V n n ~

(10)

Thus the capture cross sections can be measured
directly from the decay rates.

If the diode is in forward bias, all the rates are
nonzero. The steady-state values of n, and n~ are
given by

nj= 1 1+~+—" N,

The capacitance transient associated with occupa-
tion of either state 1 or state 2 will be the sum of
two exponentials with time constants

-1
p2= cpa= ops vpP

-1
rp1 cp& —vp&DA

It is obvious from Fig. 1 that the steady-state val-
ue 8 of n1 and n2 are ze ro.

For capture of electrons on the n side, in the
absence of hole injection, c» and c» are zero and
the rate equations become

si+ (c„y+cng)Ãg+ caitl2 = c„iN ~

—cnan1+na= 0 .
The steady-state values of n, and n, are n, = 0 and
n2=-N, as expected from Fig. 1. Qnce more the
transient is the sum of two exponentials with time
constants

Cni Onl vnn

etc. , where v„ is the thermal velocity of the elec-
trons, n is the electron density, and o„,is the cross
section for capture into state 1. The populations
of states 1 and 2 are coupled as shown in Fig. 1.
These rates lead to two coupled equations for the
densities n, and n~ of two states which are formally
identical to Egs. (2) and (3) of Paper I, but with
the p's and n's reversed:

(13)

The transient time constants are the roots of the
secular equation

—(cn] +col + cng + c~a)X + cp2(cnl +cps) +cna en) = 0

(14)
In our studies, in electron injection into the p side
the fastest rate by far is c~z. In this case Eg. (14)
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FIG. 2. Schematic diagram of the bridge of a Boonton
model 71A capacitance meter modified with a pulse trans-
former.

simplifies to

X —cps' +cp2(c„g+c~g) = 0 .2 (15)

III. EXPERIMENTAL IAETHOD

The experimental equipment used was that de-
scribed in Paper I, with the addition of a Systron-
Donner 110-8 pulse generator with transformers
for proper impedance match. A pulse up to 10-V
amplitude of either polarity could be added to the
diode bias. A simplified schematic is shown in

Fig. 2. Two different transformers were required
to cover the pulse-duration range of 20 nsec to
5 psec. By recording hC as a function of the number
of pulses, various rates were measured. This is
equivalent to measuring AC versus pulse duration.

IV. EVIDENCE THAT STATES 1 AND 2 BELONG TO

SAlViE CENTER

The capacitance changes, demonstrating that
states 1 and 2 belong to the same center, are shown
in Fig. 3(a). Initial irradiation with visible light
partially filled states 1 and 2, thereby increasing
the diode capacity. As shown in Paper I, 0 is
mainly in P-type material in this diode, hence,
filling Q states with electrons increases capacity.
A slight decrease in capacitance when the visible
light was blocked was primarily caused by the
edge effects discussed in Sec. IIIC of Paper I.
Electrons in state 1 were then completely removed
by 1-eV ir radiation which results in capacitance
change hC'„". A 50-nsec-duration pulse of about
8 V was then applied to the diode which reduced
the 9-V bias to 1 p. The duration of this pulse
was long enough to completely empty state 2, but
too short to affect state 1. This causes an abrupt

From the roots of this equation we see that the
slower time constant, corresponding to the occupa-
tion of state 1, is given approximately by

I/T c&~+c»»~ = I/ Tpy+o»»yv'„B

h, c
Ji

VISIBLE
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I

VISIBLE
OFF

I I

IR IR PULSE IR
ON OFF ON

CzR
(1)

~cpulse

~c",„

(b)

b,c
)i
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ZR
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I I

V I S ISLE PULSE
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FIG. 3. Capacitance changes showing that the pulse
removes an electron from state 2 and adds another elec-
tron to state 1.

decrease in junction capacitance shown as hC~„„,
in Fig. 3(a). The surprising fact was that after
the pulse, electrons were again observed in state
1. This was shown by a second ir irradiation
which emptied state 1 only, producing an additional
decrease in capacitance AC(f2).

In Fig. 3(b), again states 1 and 2 are partially
filled optically, but first the pulse was applied
and then the junction was irradiated with ir light.
The capacitance decrease during the pulse is the
same as in Fig. 3(a):

ACyuyse = ACyu]

and the capacitance decrease due to ir light is the
same as the total change in Fig. 3(a):

gC(1) ~ gC(2)

The capacitance changes hC'„" and 6C fp are
identified as being due to the same state since
they have the same exponential decay rates, as
shown in Fig. 4. Here the various capacitance
changes leLC fp p laECfg» p and b C'„are shown to have
the same time decay rate at three different ir en-
ergies. This proves that the ir light removes
electrons only from state 1.

The simplest explanation of these experiments
is to assume that states 1 and 2 are different charge
states of the 0 center. Since state 1 corresponds
to the addition of a single electron to the Q donor,
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FIG. 4. Decay rates AC&, ', AC&, , and AC&. The
three capacitance changes decay at the same rate at each
ir energy and must be associated with the same state.

state 2 must correspond to 0 gaining a second
electron. Now referring to Fig. 3(a) again, the
visible light partially fills each state causing in-
creased capacitance. That is, some 0 centers
have two electrons, some have one electron, and
some have no electrons. (The centers with no

electrons produce no capacitance change. ) The
ir light removes electrons from the 0 donors with

one electron, causing decrease ~C,'~'. The pulse
removes one electron from the 0 donor in state
2, changing those donors from state 2 to state 1

and causing capacitance decrease &C,„„,. The
electrons in state 1 are then removed with the sec-
ond ir light irradiation, resulting in the decrease
g C(3)

This model predicts that

AC)x = ACyu)se ~
(2)

This was experimentally confirmed by the results
shown in Fig. 5. The amplitude of hC, „„,is pro-
portional to the occupation of state 2, which is a
function of the visible-light energy. The quantities
2 C,„„„hC'„~',and AC,',"versus photon energy
show a large variation in bC,„„,and that hC,",'
= hC~„„,over the entire range.

V. MEASUREMENT OF CAPTURE RATES

A. Hole-Capture Rates in p-Type Material

The hole-capture rates were measured at 296 K.
Initially, the diode was irradiated with visible
light which partially populated states 1 and 2 and
caused capacitance changes hC, and d C2. During
the pulse the diode bias of 10 V was reduced to 1

0.00 I I

1.6 1.8 E(ey) 2 0 2.2

FIG. 5. Capacitance changes ~Cq,", &Cq", ', »d &C~qse
for initial states prepared with irradiation of visible light
of energy E. The data show that AC&r AC~1se

I I I

The rates 7~,
' and g~2 were measured by ob-

serving the decrease in 4C, and b, C~ with the num-
ber of short pulses applied to the diode. The nar-

10
RCV —303 EI —12
297 'K

Ct

~ 10
I—
CQ

cf

O
cQ

10
—l,

0
I l I I I I

20 40 60 80 100 120 140
TIME {p.sec)

FIG. 6. Decay of hC& vs time. The time is equal to
the total duration of the 5-@sec pulses applied to the diode
junction.
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rowest pulse we could apply was 20 nsec in dura-
tion. This pulse completely removed all electrons
in state 2 proving that 7» & 5 nsec. This was also
true at 167 K. The decay of state 1 shown in Fig.
6 is the measured capacitance change plotted
against cumulative pulse on time applying 5- @sec
pulses. These data give y~, =46+ 5 p, sec at 296 K.

The sample has N„- N~= 4. 2@10'7 cm . Com-
parisons of Hall and capacitance determinations
of carrier concentrations in p-type QaP show that
room-temperature hole concentrations are usually
1.5-2.0 times less than Nz —ND. ~ If we estimate
p = (2. 5 s 0. 7) x 10'~ cm ~ and the thermal velocity
to be v~=2x10' cm/sec, then the hole-capture
cross sections given by Eqs. (6) and ("I) are

o» = (4. 4 a 1) x 10 ~' cm~, o»& 4x 10 '7 cm~ .

B. Electron Capture in p-Type Material

We can measure the electron-capture cross sec-
tions on the p side by observing the occupation of
the O states when carriers are injected. Unfor-
tunately, z» is quite short, which makes this state
very difficult to saturate. We were unable to ob-
serve any occupation of this state with diode cur-
rents up to 50 mA (36 A/cm~). Qn the other hand,
state 1 can readily be saturated at currents of a
few mA. It was shown in Sec. II that the popula-
tion of this state will increase to a stationary val-
ue at rate

-1 -1= 7'Py+ gg1 Vffn ~

P

This rate was measured by pulsing the diode to
forward bias, partially filling state 1. After the
pulse, the junction capacitance increased by dC, .
The change in capacitance approached a steady

0
2 ~

5—

n (10'" cm ~)
4 8 12 16 20

2.0
LLI

1.5

LLI

CL

1.0

0.5

0 I I I I I I I

0 2 4 6 8 10 12 14 16
CURRENT (mA)

FIG. 8. Steady-state capacitance change 4C~ vs junc-
tion current gower scale) and estimated injected carrier
concentration (upper scale). The solid curve is given by
Eq. (22). The one adjusted parameter is AC~I~ fitted
with the data point at 13.5 mA.

n = (yQ/qAD„)I, (20)

state after a series of 1-p,sec pulses. Hate y '
is plotted as a function of the injected carrier con-
centration n in Fig. 7. The intercept at n = 0 gives

This value is in excellent agreement with our
previous determination of 7» shown by the tri-
angular data point. Taking v„ to be 2x10~ cm/sec,
we determine o„, from the slope of the data points
to be

c„,= (2. 6+ 1.0)x 10 " cm~ .
The uncertainties arise from the difficulty of esti-
mating n, where n is related to the current I
through the diode by

0
0.12

0.10

n (10 cm-&)

8 12 16

wherey is the injection efficiency, D„ is the elec-
tron-diffusion coefficient, and I.„is the diffusion
length [=(D„r„)"2]. If we take D„=2.5 em~sec ',
2=1.45&&10 3 cm ', and estimate y=0. 5 and the
minority carrier lifetime 7„as 10 nsec, evaluation
of Eq. (20) gives

n = (1.4 + 0. 6)x 10 4I(mA) cm s . (21)
0.08

0.06
C)

( 0.04

PI
I

0 2
I I I I J
4 6 8 10 12 14

CURRENT (mA)

FIG. 7. v'", the rate at which state 1 approaches its
steady-state value, vs junction current (lower scale) and
estimated injected carrier concentration (upper scale).
The triangular point at zero current is v~& measured in
Fig. 6.

@y cffy vent 7'yg n
AC( ~~ N 1+cr„j vn ~g yn

(22)

The saturation data are shown in Fig. 8. The
solid curve is a theoretical fit using capture rate
o„,v„n, determined from the slope of Fig. V and

The data in Fig. 7 cover a current range from
0. 5 to 13.5 mA. Additional data up to 40 mA gave
the same value for o„,.

The saturation of state 1, as the injected carrier
concentration is increased, is given by Eq. (12).
Since we were unable to observe any injected oc-
cupation of state 2, we may neglect the term c„,/
c~~. We can then rewrite Eq. (12) as
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I
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~ 2n~. The diode was then irradiated with 1-eV
light, removing change AC„and 1.5 eV, followed
by 1-eV light, removing change hC~. This pro-
cedure allowed us to measure AC, and hC, as a
function of the number of pulses applied to the
diode. hC, increased at first as state 1 became
occupied and thendecreased as a second electron
was captured and state 1 was converted to state 2.
After many pulses all of the O donors were in
state 2. The capacitance change was (AC2)„.

The changes hC, and AC2 are governed by Eqs.
(8) and (9). These equations are coupled. If we
add Eqs. (8) and (9), we get a single equation for
+1++2 ~

(AI-
3.0

(+1++2) +cn1(nl+s2) cn1A (23)

CL

fX)

1,0

0.5
I

8
AJ

O
c3

0.2' 0 16

TIME ( p, sec)

FIG. 9. (a) Exponential increase of DC1+24C2 to its
final value yQ, C2)„. (b) Exponential increase 4C~ to its
final value (AC2)„.

y» —-46 p,sec, determined from the data in Fig. 6.
The one unknown parameter AC, ,„was adjusted
to fit the data at I= 13. 5 mA. The agreement be-
tween theory and experiment is excellent.

The linear relation of y ' with I, as well as the
simple saturation behavior of 4C, vs I, implies
that the proportionality of n and I, given by Eq.
(21), must hold over the entire current range from
0. 5 to 40 mA. Apparently space-charge recom-
bination, which tends to reduce n, is negligible at
currents of 0. 5 mA or higher.

C. Electron Capture in n-Type Material

The rates of capture of electrons in states 1
and 2 were conveniently measured with a Schottky
barrier on n, -type O-doped GaP. The sample was
biased at —8 V. States 1 and 2 were emptied by
irradiating the sample with 1.5-eV light and then
by 1-eV light. The diode was then pulsed to a
bias of —4 V, swithching the centers of interest
from the depletion layer to n-type material and
partially filling states 1 and 2.

After one or more pulses, the diode capacitance
is changed by

ACED+

ACa, where 4C, o= &, and hC~

0„,= 2x10 '8 cm~
ng 1 x 10-ss cmz

at 296 K. The value of 0„, is in good agreement
with the value of this cross section measured by
electron injection.

The temperature dependence of g„, and o„~ is
shown in Fig. 10. These data were taken on a
p'n, junction lightly doped with O and are not as ac-
curate as the room-temperature values quoted
above.

VI. COMMENTS ON RECOMBINATION MECHANISMS

A. Hole Recombination into State 2

The experiments described in Sec. IV show that
when the O donor is in state 2, electron-hole re-
combination removes only one of the two electrons,
leaving the center in state 1. This means that the
Auger effect, in which one of the electrons recom-
bines with a hole and the other electron is ionized,
does not take place. This may seem surprising
since this is the dominant recombination mechanism
for bound excitons (two bound electrons and a
bound hole) in GaP. 3 Dean et al. 4 in a, study of ex-
citons bound to acceptors in Gap showed that the
Auger recombination rate increases rapidly with
binding energy. The increase in Auger recom-
bination with binding energy is also expected for
donors. Therefore one might expect the Auger

The capacitance change proportional to n, +n~ is
b, C, +~AC&. This combination of the capacitance
changes will exponentially approach the stationary
value +~ (AC&)„at rate c„,= y„,' as shown in Fig. 9(a).

We found g„~= c„~ to be about 20 times longer
than 'p g=c y so that at long times ~C, increases
exponentially with rate c„2 to a final value of
(EC2)„. The measured changes are shown in Fig.
9(b). Averages over several measurements gave

7„,=0.45+0. 1 p,sec and g„~=8+1 p,sec. We esti-
mate the carrier concentration in the sample to
be n, = Gx10'6/cms and v„= 2x10' cm/sec '. This
leads to



PHQTQCAPACITANCE STUDIES OF THE OXYGEN DONOR. . . II. . .
TEMPERATURE ('K)

)6 298 227 187 161

OJ

E -17

b

1O
18 10 zo

7

FIG. 10. o-„~ and 0„& vs temperature.

effect to dominate the hole recombination of state
2. In the case of 0, however, the binding energy
is so great that the Auger effect is energetically
not possible. The binding energy depends upon
the lattice coordinates as discussed in Sec. III B
of Paper I. On the average, the optical-ionization
energy of an electron in state 2 is 2 e7. Thus the
average energy gained in recombination with a hole
is only about 0. 3 eV, not nearly enough to ionize
the other electron. The short decay time v~o (less
than 5 nsec) indicates that the recombination is
nonradiative. Presumably this energy is dissipated
by phonon emission.

The studies in Paper I show that the second elec-
tron is captured in a state that is = 0.45 eV below
the conduction band before lattice relaxation. It
is possible that Auger recombination could occur
before the lattice has a chance to relax. If this
effect were significant, the saturated value of n,
would be much less than N. We have measured
n, /N at saturation and have found that it is equal
to unity within an error of +20%. Thus all Auger
effects associated with the two-electron state of
0 seem to be negligible.

B. Electron Capture into State 1

The temperature dependence of electron capture
into state 1 was measured in lightly doped n-type
material. The capture cross section was found
to decrease by a factor of 30 when the temperature

VII. ROLE OF 0 AS KILLER CENTER

The amount of recombination through the Q cen-
ter is specified by the 0 concentration, capture
cross sections, and the minority-carrier lifetime.
In the absence of saturation, recombination in
P-type material takes place only through state 1.
The volume-recombination rate through 0 is given
by +onl vnÃ. The total volume-recombination rate
is nv„, where y„ is the minority-carrier lifetime
in P-type material. Therefore, the fraction of
the recombination current through the 0center fo is

fo=&&ni&n 'rn ~ (24)

Jayson et al. measured the minority-carrier life-
times of a variety of Zn- and 0-doped GaP sam-
ples. The highest value they report is 13 nsec.
If we take N= 2. Bx10' /cm (the highest value re-
ported in Paper I), g„,=2xl0 "cmo, v„=2x10'
cm/sec, and v„=13 nsec, we find

was increased from 131 to 296 K. Bean and Henry
studied luminescence associated with capture into
state 1 at helium temperature. They found that
the electron is captured into a shallow level = 0.06
eV below the conduction band and then radiatively
decays to the ground state.

If the electron is captured into a shallow level,
thermalization out of this level will cause the
cross section to rapidly decrease with increasing
temperature, as observed.

Jayson et al. 6 have observed an unusual sublinear
saturation behavior of the ir luminescence in Zn-
and 0-doped GaP. They interpreted their data in
terms of a model in which 0 captures a second
electron and undergoes Auger transitions, which
prevent the one-electron state of 0 from saturating.
Analysis with this model led them to conclude that
the capture cross section into the one-electron
state is about 2&10 ~ cm in a sample with
p-2x10"7 cm

In contrast to their results, we observed a simple
saturation of state 1 (see Fig. 8) of 0 with a cap-
ture cross section of about 2x10 '8 cma. It is in-
teresting that in Cd- and 0-doped GaP and in C-
and 0-doped GaP, Jayson et al. did not observe
unusual saturation behavior of the ir luminescence.
It may be that in their Zn-doped crystals, another
transition with different saturation properties is
contributing the to ir luminescence.

C. Electron Capture into State 2

The second electron is captured by a neutral
center which is not expected to have any shallow
states. In this case we do not expect the capture
cross section to vary appreciably with tempera-
ture. However, the cross section is found to
slowly increase with temperature. This is not
yet understood,
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fo 0.——015 .

Using the same minority-carrier lifetime, Jayson
et al. 6 estimate that the fraction of recombination
through the O center is 0. 33. This large value
was arrived at by using a larger concentration
(7x 10'6 cm 3) and a much larger capture cross
section (g„,= 2x10 '7 cm~) than we have observed.

As state 1 of Q becomes saturated, recombina-
tion through state 2 can occur. Unfortunately,
we were not able to measure the capture cross
section for this state in p-type material. In n-
type material, o.„~ was a factor of 20 less than o„,.
If the relative sizes of the capture cross section
remain the same in p-type material, recombination
through state 2 will be negligible.

The Q donor may be a more effective trap in
n- than in P-type materials. The addition of Q
donors of density N changes the minority-carrier
lifetime y~ to 7~, where

Bhargava' and Dishman' later showed that as the
temperature of the sample is raised, the pair re-
combination changes to Q donor-free hole recom-
bination, the latter being dominant above 120 K.
Recently, Jayson et al. measured the decay of
this luminescence at room temperature for a num-
ber of samples with different carrier concentra-
tions. An average of their results indicates that
the free-to-bound luminescence decays in about
46+14 p,sec a,t p=2. 5x10" cm

We find that state 1 has a binding energy of
= 0. 88 eV', in agreement with Dean et al. ' Our
lifetime measurements for this state gave y»
= 46+5 psec for p= (2. 5+0. 7)x10'7/cm~. This is
in good agreement with the lifetime measured by
Jayson et al. 6 On the basis of having approximate-
ly the same lifetime and energy level, we conclude
that state 1 is the same state that gives rise to the
free-to-bound luminescence associated with 0 and
that this is a state of isolated Q on a P site.

I/'rp —I/7'p +Nope 5p ~ (25) IX. SUM1ViARY

For N= 0.Ox 10'6 cm, the largest value N in n-
type material reported in Paper l, g~~& 3x10 '
cms and v& = 2x 10' cm/sec ', the change in recip-
rocal minority-carrier lifetime is

No» v~ & 5 x 106 sec ' .

Thus the minority-carrier lifetime due to O donors
will be less than 200 nsec. The minority-carrier
lifetime due to Q may be much shorter than this
since we can only establish a, lower bound to o»

The recombination through Q is readily saturated
because g„2 is small. The hole concentration at
which saturation occurs can be calculated by
equating the rates for electron and hole capture:

State 2 is half -saturated when n, = ~N. If v~ = v„,
the hale concentration at half-saturation is

Pea= (o.2/cpa)s .
If a~2 = 3x10 ' cm (a value of &r~z 10 times greater
than the lower bound and giving a hole-minority-
carrier lifetime of 20 nsec), g = 5x 10'~ cm ', and

O„z= 10 ' cm, the hole concentration at saturation
is p j gp

= 1.7 x 10" cm '. Such an injected hole con-
centration would be achieved at a, junction current
of about 1 mA.

VIII. EVIDENCE THAT CENTER BEING STUDIED IS
ISOLATED SUBSTITUTIONAL 0 DONOR

The Q donor was first observed in donor-accep-
tor pair-line spectra at 1.6 K by Dean et al.
Exceedingly clean pa.ir-line spectra were observed.
The analysis of these pair spectra unambiguausly
showed that 0 is a deep donor with a binding ener-
gy of 0. 895 eP and that Q is substitutional for P.

We have measured the recombination properties
of the 0 donor in a series of experiments in which
light irradiation is used to prepare the Q centers
in a diode depletion layer in a specific initial charge
state, the diode is pulsed to cause electron or hole
capture, and photocapacitance measurements are
used to determine the change in the charge state.
We proved that state 2 is a two-electron state of
the O donor. Unlike other donors in GaP, the re-
combination of the two-electron state with a hole
shows no Auger recombination. This is consistent
with our finding that both electrons in state 2 are
deeply bound. The capture cross sections were
measured for electrons and holes into both states.
The lifetime of the first electron in the P-type
{p= 2. 5x10'7 cm"~) material is about 46 ysec and
agrees with previous luminescence experiments.
The second electron recombines in less than 5
nsec. This is consistent with our picture that the
electron in state 2 is close to the valence band and
recombines nonradiatively. The electron-capture
cross sections in n-type material were measured.
It was found that the capture cross section of the
second electron is 20 times smaller than that of
the first electron. The capture cross section of the
first electron was measured in both n- and p-type
material. Both experiments gave about 2x10 '
cm2. Using the electron-capture cross section of
state 1, the maximum Q donor concentration re-
ported in Paper I, and a minority-carrier life-
time of 13 nsec, we estimate that only about 1. 5%%up

of the recombination is through the O center in
p-type material. The center under study is chem-
ically identified as the substitutional Q donor by
comparing the results of luminescence studies of
this donor with our photocapacitance measure-
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ments of the energy level and lifetime of the elec-
tron in state 1.
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Infrared Absorption of Localized Longitudinal-Optical Phonons
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A new type of localized vibrational mode is shown to occur near donors and acceptors in polar

semiconductors. In general, the mode appears in a solid with infrared-active lattice vibrations when an

impurity center with appropriate electronic transition energies is introduced by doping. The

polarizability of the center perturbs the dielectric function locally, shifting the longitudinal-optic phonon.

Infrared-reflection data showing the new localized mode are presented for GaP and GaAs. A
macroscopic Clausius —Mosotti-type theory is developed for the effective dielectric function of the solid

including the spheres. This theory yields good fits to the Raman data of Dean et al. and to the

present infrared data,

I. INTRODUCTION

Though localized vibrational modes have been
studied experimentally for only ten years, a great
deal of information has been accumulated for
modes in almost every type of crystal system. '/he

most common situation which leads to a localized
mode occurs when one of the host atoms of a crys-
tal is replaced by an impurity atom of ligher
mass. '3 With this replacement there is usually a
new vibrational mode of the crystal with frequepcy
above that of all host-lattice modes, and whosg
eigenvector has most of its amplitude on the i~-
purity atom. The model for such a mode is rpl-
croscopic, involving the mass change at the im-
purity site and possibly force-constant changes for
the bonds linking the impurity to the neighboring
host atoms. In contrast to this microscopic type
of local mode, this payer presents a theoretical
and experimental study of a localized made involv-
ing a group of host atoms near an impurity. The
group of atoms is influenced by the presence of an
impurity because of its special electronic proper-
ties.

Dean et a/. were the first to observe this new type
of localized vibrational mode. They observed the
mode in the Raman spectrum of donor impurities
in gallium phosphide. The same modes have re-
cently been detected by infrared techniques. In the
present paper we study the absorption of these
modes by infrared ref lectivity and present a macro-
scopic dielectric theory for their frequency and line
shape. In addition, the Raman scattering strength
is derived from the theory and compared with the
Raman spectra. For either the infrared or Raman
activity of this type of localized mode we adopt a
point of view quite different from that of the micro-
scopic defect model. As an example consider the
donor sulfur (S) replacing a P ion in Gap. Such a
replacement might lead to a localized mode of the
microscopic type though it has not yet been observed.
Such a mode need not concern us further. If the
GaP crystal is cooled, the extra electron of the donor
is no longer thermally excited into the canduction
band. It resides in the 15level of the donor. This
bound electron is polarizable and thus changes the
dielectric function of the medium in its vicinity. It
is this extra polarizability, which we describe mac-


