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Impurities which are located in the forbidden energy gap of a
semiconductor are classified as traps or as recombination and
generation levels, according to their capture cross sections and
their proximity to the quasi-Fermi levels of the carriers. Their
influence upon the photoconductance and the photoelectromag-
netic effect is considered; noted in particular are their effects on
the values of carrier lifetimes deduced from these photosignals.
The lifetimes deduced are always too high for that type carrier
of which some are trapped, and they are too small for the other
type carrier. In extrinsic material the photoeffects are augmented
by trapping of minority carriers, and diminished by trapping of
majority carriers. In general the effects of minority carrier trapping
are more severe than those of majority carrier trapping. Further-
more, the photoelectromagnetic effect is much less sensitive to

trapping than is the photoconductance and may often yield the
correct minority carrier lifetime in extrinsic material. Conse-
quently, the method of deducing carrier lifetimes by combining
the photoconductance and the photoelectromagnetic effects may
lead to very misleading results indeed. Yet separate measurements
of the two effects over a range of temperatures will yield the
carrier lifetimes, the energy level of the traps, and their density.
Moreover, concomitant measurements of the spectral dependence
of photoconductance and the photoelectromagnetic effect in an
extrinsic semiconductor would serve to classify the impurity
centers which are found, because an impurity photoelectromag-
netic effect occurs only if the carriers generated from the centers
are minority carriers.

INTRODUCTION

HE purpose of this note is the assessment of the

effects of traps, located in the forbidden energy

gap, upon the steady state photoconductance and the

photoelectromagnetic (PEM) effect.! Of particular in-

terest is the influence of such traps upon the values of

the carrier lifetimes deduced from measurements of
these photoeffects.

A simple geometrical consideration of the motion of
an excess free carrier during its lifetime under the action
of an electric or a magnetic field, will indicate that the
short-circuit PEM current is proportional to the square
root of the lifetime whereas the photoconductance is
proportional to the lifetime itself. The reason why the
PEM current depends upon a lower power of the carrier
lifetime than does the photoconductance is that the
prime requisite for the PEM effect is the existence of a
density gradient in the direction of illumination, and
that gradient is proportional to dn/dy. The photo-
conductance, on the other hand, is proportional to #»
itself. It is this fact which makes the combination of
photoconductance with the PEM effect so attractive a
means for the determination of carrier lifetimes, in
particular when they are so short as to render useless
the many transient methods extant. Such a combination
eliminates the dependence on the intensity of illumina-
tion and on the electrical properties of the front surface.

The situation becomes complicated as soon as the
steady-state densities of the optically generated elec-
trons and holes are not equal. Such is the case when
a single type of carriers is excited from an impurity
center, or when the phenomenon of trapping occurs;

* This research was supported in whole or in part by the U. S.
Air Force under a contract monitored by the Electronics Com-
ponent Laboratories, Wright Air Development Center.

! For a thorough treatment and extensive bibliography see
W. van Roosbroeck, Phys. Rev. 101, 1713 (1956).

one may no longer assign a single lifetime to both
kinds of carriers.

The differing natures of the photoconductance and
the PEM effect lead one to expect that the effects of
trapping would manifest themselves differently in the
two cases.

The photoelectromagnetic PEM effect arises from the
action of an external magnetic field in the z direction
upon carrier pairs which have been generated by
illumination on the y=0 face of a rectangular semi-
conductor parallelepiped, and which diffuse into the
body of the semiconductor in the y direction. Couse-
quently the holes and electrons are deflected into the
~+« and the —« directions, respectively. There ensues a
current along the « axis which has the following value
per unit width (along the z axis) of the illuminated

sample:
t
re= [ s,
0

where the superscripts indicate that it is measured
under short-circuit conditions. J, is the total current
density flowing in the « direction, and # is the sample’s
thickness (in the direction of illumination). The effect
depends upon the availability of carrier pairs to diffuse
along the y axis in order to avoid any net electrical
current in that direction. In sufficiently extrinsic
material it would be primarily a minority-carrier affair.

The photoconductance, on the other hand, is due to
the availability of the optically generated excess carriers
to drift in the electric field which is applied along the
x axis. The change in conductance due to illumina-
tion 1s:

(1)

t
AG= f sty /)y, 2)
0
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where G is the conductance along a unit length per
unit width of the sample, e is the absolute value of the
electronic charge, u is the mobility of electrons and u/b
is that of holes, 7y and p; are the excess densities of
free electrons and holes which are excited optically in
the conduction and the valence bands, respectively.
Photoconductance results then from the drift of excess
carriers of either kind under the influence of the applied
electric field; the requirement of charge neutrality in
the bulk of the semiconductor will affect the number of
carriers of either type which are free to enhance the
conduction.

It will be seen that for extrinsic materials and small
signals the presence of traps always reveals itself in the
expression for photoconductance, but it enters into the
PEM effect only if the density of traps is large.

THEORY

The analysis which follows treats the case of small
magnetic fields, neglecting second-order terms and using
the Hall angles rather than their tangents. Further-
more, all carriers of one type are assumed to have the
same mobility.

No reference to the nature of the impurity centers in
the forbidden gap will be made at the outset; they will
be characterized only by their energy levels and by
their capture cross sections for holes and for electrons.
Subsequently the circumstances will be noted under
which these impurity centers would act as traps for
either type of carrier. These traps, which contribute to
the accumulation of holes or electrons in them,? will be
distinguished from centers through which electrons
transit from the conduction band to the valence band.?
The kinetics and statistics of all the impurity centers
(noninteracting) in the forbidden energy gap are the
same regardless of the function which they perform.
As a result of the dynamic classification of the centers
which will be developed, their function will depend upon
the surrounding circumstances. ,

k' Following the derivations in Appendix A, we obtain
these relationships among the free carriers for the
case of small signals

Crn(notny)+Cp(potp1)+Cpnsd
ny= n=Tp;, (3)
Ca(noF11)+Cp(potp10)+Coundni/no

where #,° is the density of electrons which are in the
impurity centers at thermal equilibrium; C, is the
product of the density of impurity centers and the
probability per unit time that a center will capture an
electron, averaged over all electrons in the conduction
band; C, is an analogous quantity for holes; and I' is a
proportionality factor defined by Eq. (3).

When the centers communicate only with the valence

2H. Y. Fan, Phys. Rev. 92, 1424 (1953).
3 W. Shockley and W. T. Read, Jr., Phys. Rev. 87, 835 (1952).
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band, acting as %ole traps, then
ny=[1+Nepy/ (pot+p1)*1p1, (4a)

and when they communicate only with the conduction
band, acting as electron traps, then

pr=[1+Nm/ (no+n1)*n;. (4b)

N, is the density of the impurity centers, 7o and p are
the thermal equilibrium densities of electrons and of
holes, 7y and p; are their respective densities which
would obtain in the case when the Fermi level Er
coincides with the centers’ energy level Ex.

The development of the relationships between the
free carriers in the two bands will be pursued until
they are related to the external generating source and
then to the photoeffects. But before proceeding it is
well to scrutinize the performance of the impurity
centers and to see in some detail what characterizes
them as traps, which provide for accumulation of
charge in them but not for the transit of carriers
through them.

The answer to the last question lies in the relative
magnitudes of the rates of the carriers’ kinetics through
these centers. Let g, and g4, be the rates of electron
release from the centers to the conduction band and
to the valence band ; 7. and 7, be the rates of capture of
free electrons from the conduction band and from the
valence band, respectively. These rates characterize
the action of the impurity centers in the following
fashion:

generation centers > Loy et <oty
recombination centers gu<gw, fet> %ot
electron traps gtc> Lty Tet> oty ©)
hole traps Lee<8try Tt <lus.

We shall avail ourselves of the concept of the steady-
state quasi-Fermi levels for electrons and for holes:

%0+1’Lf %0+nf
Epr=EAET In — Bt kT In——
c 23
pot+p pot+p ©
Epp=E,—kT In “N ! B BT I,
v n;

E, and E, are the edges of the conduction and of the
valence bands, respectively; N, and N, are the densities
of states in the two bands, and E; is the intrinsic energy
level. %

From these definitions and the developments in
Appendix A we deduce the following conditions*:

gt.> g1 Whenever

E,—Er< Ep?—E,—ET[In(NV,/N.)+1n(C,/Ca)],

*A. Rose, in a similar manner speaks of demarcation levels.
See Progress in_Semiconductors (Meywood and Company, Ltd.,
London, 1957), Vol. 2.
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i.e., whenever _
Er22E;— Ep?+kT In(C,/C,), O
.12 *pt Whenever
Er—E,2 E;c— Ep"+kT[In(N,/No)+1In(C,/Cr) ],
i.e., whenever
Ep2>22E—Ep"+kT In(C,/C.,).

We are now able to specify in more detail the parameters
upon which depends the performance of the impurity
centers located at an energy level Ep:

Generation centers:
2E+kT In(C,/C,)—Ep">Er>2E;

+kT In(C,/Cn)—Er?; (8)
this inequality can be satisfied only when Er?> Ep®, or

nopsr+pons+nsps<0, which represent extraction of
carriers.

Recombination centers:
2E+kT In(C,/Cr)—Er"<Er<2E;

+kT In(C,/Cr)—Er?, (9)
this can be satisfied whenever Eg">Er?, which is
during ordinary excitation. We note that the very same

centers will act as generation centers and as recombina-
tion centers when the roles of Er" and Eg? are reversed.
Electron traps:
Er>2EA4kT In(Cp/Crn)—Ep?

(or —Ep™ whenever Ep?>Er"); (10a)

note that a center would act as an electron trap regard-
less of where it is located in the forbidden gap if

Cp< CulN N, exp{— (E.—Er?)/ET}.  (10b)
Hole traps:
ET<2E1+kT ln(C,,/C,,)—-—Ep”
(or —Ep? whenever Er?>Er"); (11a)

a center will act as a hole trap regardless of where it is
located in the forbidden gap if

Cu<CyN,N; " exp{— (Ep"—E,)/kT}. (11b)
In the special case when
Cy=Cy exp{(Ex—Er)/kT}, (12)

the impurity centers do not cause any further accumu-
lation of charge in them, over that which has already
existed in thermal equilibrium; in this case #,=0 and
ny=py.

The preceding characterization of the impurity
centers, which has specified their performance as one
of four types, is not exclusive. In the strictest sense,
a center will be an electron trap alone only when both
7, and gy, vanish, that is when C,=0. So long as 7,
and g, have finite values, carriers may transit through
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that center from one band to another. What is implied
is that there already exists an efficient mechanism for
transit of carriers between the bands, either directly or,
more likely, through another group of centers which
are the recombination (or generation) centers. Thus a
particular group of impurity centers may be the sole
recombination agent in a material, until another im-
purity is added through which the transit of carriers is
so much more efficient that the original group become
traps. The efficient recombination of carriers is indi-
cated by recombination rates ®, and ®, in the con-
tinuity equation. If the centers under study provide for
an equally efficient transit of carriers then the lifetime
for carriers in the material will be a combination in
parallel of that lifetime characteristic of these centers
and the lifetime included in the terms ®, and ®,. Itis
thus important to bear in mind that an impurity which
acts as a trap in one case may act as a recombination
center in another case, in the same semiconductor
material.

We proceed to discuss the photoeffects. In a material
where the centers under study are traps, the con-
tinuity equation for holes under small-signal conditions
assumes the following form [see Eq. (B.2)]:

el divIt=—p;/7,+Gp. (13)

where Jt is the hole current density and G, is the
optical generation rate of holes. As derived in Ap-
pendix B, the hole current in the direction of illumi-

nation is
wkT

N b(not+ns)+potps
X[ (no+nz)dp;/dy+ (potpr)dns/dy],
which becomes

“Jyt=—eDrdpys/dy; (14b)

where Dy is the ambipolar diffusivity in the presence of
trapping—it reduces to the ordinary ambipolar diffu-
sivity Do when there is no trapping (in that case I'=1):

3 no+I'po
" o/ D)+ (po/ D) |
=Do[ 1+ (I'—1)po/ (no+po)].  (15)

The behavior of the PEM short-circuit current is
reflected in the behavior of J,*, since

t t
Io= f Jdy="6 f J+dy,
0 0

where 6 is the total Hall angle.

In the case when all carrier generation takes place
right near the illuminated surface, the density of free
holes is

+—

Ty

QLs2 sinhA (¢—)+AD 7 coshA (¢—1v)]
;= }
(s152+A2D 7?) sinhAi+- (s1+s2)AD 7 coshh ¢

16)
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the PEM short-circuit current is
GDTQG
(5152+A2D %) sinhAi+ (s14s2)AD 7 coshhi

5C —

X [s2 sinh\¢4-NDr (coshat—1)], (17)
and the photoconductance is
eu(b1+T)ON!
¢= (5152+A2D 7%) sinhA i+ (s1+s52)AD 7 coshA¢
X [s2 (coshhi—1)+ADp sinhnt].  (18)

s1 and s are the surface recombination velocities on the
front (illuminated) and the back surface, respectively;
Q is the intensity of illumination, and

A= ('rpD T)_%.

Let us dwell upon the implication of Egs. (16), (17),
and (18), which describe the steady state excess carrier
density, the PEM short-circuit current and the photo-
conductance—all under small signal conditions. When
trapping is absent, then Dy= Dy, where D is the ordi-
nary ambipolar diffusivity and X is the reciprocal of the
ambipolar diffusion length—because in that case the hole
lifetime and the electron lifetime are one and the
same. If the material is extrinsic, say # type, and the
trapping is small enough so that |[I'pe|<Xnq, then
Dr=D, and A=L,'—both referring to the minority
carriers. Under these conditions one may look upon the
PEM effect as solely a minority carrier affair. The
traps do not appear in the continuity equations and the
density of the excess free minority carriers py is then
related to their lifetime and the external excitation
alone—regardless of the presence of traps (it is to be
borne in mind, however, that distinction has to be
made between minority carrier lifetime and majority
carrier lifetime). The expression for the PEM short-
circuit current is likewise independent of trapping in
this case. Not so the photoconductance, wherein the
influence of the traps is always prominent through the
parameter I'.

It is worth noting an interesting corollary under the
same circumstances, when the material is extrinsic and
trapping moderate enough so as not to affect the PEM
signal. Should the optical excitation generate majority
carriers alone (e.g., from an impurity level) there would
be no PEM effect although there would be photocon-
ductance.’ Consequently, concomitant measurements of
the spectral dependence of photoconductance and PEM
signal would serve to find impurity levels and classify
them. This would be of particular interest when the
impurity photoeffects occur at photon energies larger
than the energy separation of the Fermi level from the
band edge of the carriers thus generated.

6 Thermodynamic arguments are invoked in J. Tauc, Czecho-
slov. J. Phys. 5, 178 (1955).
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We return now to the expressions for the photo-
effects, which assume the following forms® when the
sample’s thickness ¢ is large in comparison with A—1:

6Q0(DTTP>%
= (19)
1+31(TP/DT)%
bt Tp
AGZEQ/A( +I) ' (20)
1+51(7p/Dr)*

In the case that s1(7,/Dr)¥<1 it is instructive to re-
write the last two equations

Ire= QO 1+ Fpo/ (ot po) J*(Dory)t, (21)
AG=eQu[1+bF/(140) ]~ +1) 7y, (22)

in which a new parameter has been introduced:
F=I—1. (23)

It has thus been demonstrated that the lifetimes
deduced from the PEM short-circuit current and from
the photoconductance (PC) will differ from the hole
lifetimes and the electron lifetimes according to the
following relationships:

rec=[1+bF (1+4b)"*]r,
=[1—FA4+F)1(14+b) " ]r,,
reEMm=[14+Fpo(no+po) " Irp
=[1—-FQA4+F)" 1+ po/no) )7,

When the impurity centers act as fraps for either type
of carrier, the parameter F is seen to have the following
specific values [see Eqgs. (3) and (4)]:

For hole traps

(24a)

(24b)

F=Np/ (pot+p1)%; (25a)

for electron traps
= —Ni/[Nmi+ (no+n1)%]. (25b)

It is now possible to relate the photoconductive and
PEM lifetimes to the hole and electron lifetimes in
terms of the explicit parameters of the impurity centers:
When the centers are electron lraps,

’— b Z\Tﬂ’h
TPC= 1— ]T

L 1+b le—i— (%0+%1)2
[ 1 ]Vg%l

=14+ — w]r ,
L 14+b (not+mn1)?

(26a)
[ Po Ny
rpEM=|1— ]Tp

L o+ po Nt (no+n1)?
i 7o N

=1+ __]T .
L not-po (notn1)?

6 See also S. W. Kurnick and R. W. Zitter, J. Appl. Phys. 27,
278 (1956).
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when the centers are kole traps,
[REECE N
L 145 (potp0)?
[ 1 thl

1— Tny
L 140 Neprt (pot-p1)?
_1+ Do Npy ]Tp
L 10+ po (pot+p1)?
[ o N1

1— ne
i no+pozvtp1+(po+pl>2]7

TPC=

(26b)

TPEM =

I

There is exact symmetry between the expressions for
holes and electrons (b has to be interchanged with 571!).

Both 7pc and 7prum yield lifetime values which are too
high for the carriers of the type which are trapped and
too low for carriers of the type which are not trapped.
Furthermore, as trapping becomes excessive the life-
times deduced for carriers of the type which are not
trapped reach a limiting value which depends upon b;
on the other hand the lifetimes deduced for the type of
carriers which are trapped keep on increasing. Most sig-
nificant are the very different sensitivities of 7pc and
7pem to trapping. This becomes of particular importance
in extrinsic material, say # type, in which holes, the
minority carriers, are being trapped. The PEM short-
circuit current will yield the correct value of the
minority carrier lifetime so long as Npi/(potp1)?
KLpo/ (not+po) T, which may be a rather extensive
range of trapping. The photoconductance, however, will
yield a very erroneous value for the lifetime of holes.
On the other hand, as trapping becomes heavy the
latter will yield a value close to that of the majority
carrier lifetime: 7pc=~ 7,0/ (1+b). Note further that the
PEM current will be linear with increasing illumination
as long as ne+n>po+ps, whereas the photoconduct-
ance would begin to saturate at high levels of illumina-
tion before that. This can be seen easily by referring to
Appendix A from which we note that

ne=—nlpys/(pot+p1tps) for hole traps,

and
ne=nLng(n1/n0)/ (mot+n1+nys) for electron traps.

We return now to the expressions for the PEM
short-circuit current and the photoconductance. As
noted previously, both the intensity of illumination and
the surface recombination velocity of the front surface
are eliminated upon dividing Eq. (17) by Eq. (18):

I*  ADz8  oy+tanhin

AG  p(b~1+T) 148, tanhins

where ;
52= 82/ ()\DT) .
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It is of some interest to note the limiting forms which
the above ratio assumes under certain conditions:

for large s,

I AD 6
—=——— cothjM/,
AG  u(b7'+T)

for a thin sample,
I ADg0  Sy+3iN

AG p(b=+T) 1436\
for a thin sample and large s»,
2D 6
____.:_‘__f*l
AG  p(b7'+T)

Isc

for a thick sample,

VA AD 0

ZXE—M(b‘W—F)'

From Eq. (27) we derive this expression for the life-

time of holes:
AGE 82+tanhis

T =DT[
? I%u(b=14T) 148, tanhins

]2. (28)

Equation (28) is the correct expression for the hole
lifetime in terms of the measured photoconductance
and the short-circuit PEM current. The trapping is
accounted for by Dz, by I', and by A. If, however, we
fail to include the trapping effects and make use of the
ordinary expression for the lifetime which is valid only
when n;=p;, then we would deduce from the measure-
ments an apparent lifetime r,, which is erroneous

AGO ds+tanhin 72
] . (29)

TazD(][
I°u(b~'4+1) 146, tanhin

We are now in position to assess the magnitude of
the error that would be associated with the lifetime
which is deduced from the PEM-PC ratio method,
without proper inclusion of the effects of trapping.
This error is the ratio

7/ Ta=[1+Fpo/ (not-po) JLI+0F/ (146) T

(30)
or

(31)

Depending upon whether the traps, in an extrinsic
semiconductor, are for majority carriers or minority
carriers, our error in deducing the lifetime would be in
opposite directions. When majority trapping occurs,
then the apparent minority carrier lifetime which we
deduce is too low. Under ordinary conditions, however,
the error would remain rather small, for even as N,
increases, 7,/7, tends to the limit (145)? in sufficiently
extrinsic #-type material. In the presence of minority
carrier trapping the apparent lifetime would be too

Ta™ TZPC/TPEm.



798
| 110
[ N-TYPE MATERIAL
| HOLE-TRAPS— ELECTRON-TRAPS ateas 4
U T N ]
L N2 Fe o Nr Ny Fingr ne
USE LEFT USE RIGHT ORDINATE
I ORDINATE —i0?
S ]
Tp Tp
T 1=
lé't-- —d
r ]
L —10
L b=10° j b=l 1
b=1 b=10"2 |
b=10* i
R b=1G?
IO{ s L ° 1 1 ! |
107° 10" 10 10 100 1000

1
Il

F16. 1. The error in the PC-PEM lifetime in the case of majority
carrier trapping or minority carrier trapping.

large and the error keeps increasing with the square of
the density of traps.

These relationships are shown in Fig. 1, wherein 7,/7,
is plotted as a function of the trapping parameter F for
various values of the mobilities’ ratio & (when the
condition Fpo/ (no+pe)<1 is fulfilled). In order to
relate 7,/7, to the properties of a particular semicon-
ductor, germanium was chosen to illustrate the de-
pendence.” Figure 2 applies to minority carrier traps
(holes in n-type material) whereas Fig. 3 applies to
majority carrier traps. The traps may be anywhere in
the forbidden gap, as specified in Egs. (10b) and
(11b), so long as Fpo/ (ne+po) <1. Both figures enable
us to deduce the value of F for any carrier concentra-
tion, and any density and position of traps. In Fig. 2
the curves start crossing as Er—E, increases, because
po exceeds p1 as soon as the impurity centers are above
the Fermi level. We note that a given density of
minority carrier traps would cause a more serious error
in the lifetime determination as Er—E, increases—
until Er is above the Fermi level, when the traps’
influence diminishes rapidly, For example, traps located
0.5 ev above the valence band and which have density
of 108 cm™3 would give F~10? in highly n-type material
(po=107), thus causing a large error in the estimation
of the lifetime (see Fig. 1). Yet for a material where
po=10"! the very same traps would give F'~1 with but
little effect on the lifetime deduced from the measure-
ments. In Fig. 3 the curves cross for an analogous

7At 300°K AE@=0.67 ev, N.=10.2X10%, N,=35.65X10,
My =0.55m,, mp=0.37m,.
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reason as in Fig. 2, reflecting changes in the relative
magnitudes of 7o and n;. Thus the majority carrier
traps are more effective the closer they lie to the Fermi
level, between the latter and the band of the majority
carriers (the conduction band, in the present example).
Note further that when the traps lie between the Fermi
level and the band of the type of carriers which are
trapped, the value of /* is independent of 7o and po for
a given energy level and density of traps. When the
traps lie on the other side of the Fermi level, F depends
quite strongly upon the thermal equilibrium carrier
densities. This is why the range over which majority
carrier traps are effective in an extrinsic material is
rather small.

CONCLUSION

A theory has been presented which takes into account
the specific statistics of trapping and its influence upon
photoconductance and the PEM effect. Photoconduct-
ance and PEM effect are influenced by trapping, and
so are the carrier lifetimes deduced from them. Yet the
PEM effect is in general much less sensitive to trapping
than is the photoconductance; indeed in extrinsic
material there is a wide range of trapping which has no
influence upon the PEM effect. The PEM-PC ratio
method for the determination of lifetimes will lead to
erroneous values, unless the exact nature of the trapping
extant is known and accounted for. Yet independent
measurements of photoconductance and the PEM
effect over a range of temperatures can be analyzed to
yield densities and levels of traps as well as of recom-
bination centers.

108
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F1G. 2. The effect of the carrier density on the trapping parameter
F for various locations of minority carrier traps.
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Fi1c. 3. The effect of the carrier density on the trapping parameter
F for various locations of majority carrier traps.

These considerations are of paramount significance in
the case of the wide band gap compound semicon-
ductors, wherein the extremely short carrier lifetimes
make the use of steady state methods almost in-
escapable, yet wherein trapping effects are particularly
large. Preliminary measurements® on GaAs did indeed
bear out the predictions of this theory and they lent
themselves to analysis as described above. These results
will be reported in full in a later publication.

It is also noted that concomitant measurements of
the spectral dependence of photoconductance and the
PEM effect would aid in classifying the impurity
centers, because an impurity PEM effect will occur in
an extrinsic material only if the carriers thus generated
from those centers are minority carriers.
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APPENDIX A. GENERAL RELATIONSHIPS
AMONG CARRIER DENSITIES

The continuity equations for the excess densities of
free electromns, free holes, and trapped electrons, are

/= —Ru+Gnt gee—rertet divl—,
3ps/t=—QRpt+Gp—gut+ree—e L divl+,
6n¢/6t= —gtv— Gt ottty

note that the excess density of trapped electrons is
negative in case that holes are trapped: n,=—p..
R, &, and Gn, G, are, respectively, the rates of recom-
bination and rates of generation of excess electrons and
holes. Other terms are defined in the text.

The rates of capture and of release of the carriers
assume the following forms:

(A1)

7et=Crn(motns) (Ne—nld—ny),
gre=Comi(nd+ns),
7ot=Cppr1(Ne—n—ny),
g00=Cyp(potps) (nd+ne).

C, and C, are the probabilities per unit time that a
free electron or hole be captured in an impurity center
when all centers are empty of that type of carrier
(i.e., traps are all filled with electrons for the case
of C,p). n is the thermal equilibrium density of elec-
trons trapped in the impurity centers the density of
which is V..
At thermal equilibrium 7= gs. and 7,;= g, hence

(Ne—nd)/nd=mn1/no= po/ p1. (A.3)

The ratio of empty impurity centers to filled ones is

(A.2)

(NVe—nd)/nd=exp[ (Er—Er)/kT],  (A4)
thus the proportionality constants »; and p; are
Er—Er
7= 1o €XP (—————)
kT
2rmd T exp(—
=2(2rmkTh2)} exp(———),
kT :
(A.5)

EF—ET)
— e e
P1=po XP( T
QrmkTh?) (E”_ET
=2(2zm, —2)% exp ~—)
" T

In the steady state, all time derivatives in the con-
tinuity equation vanish, so that

gro—7ee=— (geo—7u1), (A.6)
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and consequently
gee—ree=Col 1 (nd+n.)— (no+ny)
X (Ne—nld—n)], A7)
go—72=Co (potp,) (n+ns)
- Pl (17\7;“‘ ﬂgo"‘ nt)],

from which follows the expression for the fraction of
impurity centers which are occupied during illumi-
nation:

nL+1, Cu(notn7)+Cpps
N Calnotmtng)+Colpotprtpy)

The fraction of impurity centers which are occupied at
thermal equilibrium is; of course, dependent only on
their energy level:

11;0 Cn%0+CpP1
N, Cu(notn)4Cp(potp1)
Mo 21
= = ,  (A.8hb)
notny potpi
and the excess density of trapped electrons is
Cnnm//no—C Pf
=10, ? (A.8¢c)

Culnotmitn)+Cppotprtpr)

Equation (A.7) can now be rewritten in the following
form:

gtc— Tet= — C'nCpA‘TT

nopstpons+nsps
X . (A9)
Cr(notn1+n7)+Cp(potpitpy)
The condition of local electrical neutrality is
nyFne=p;. (A.10)

This condition- would be fulfilled regardless of the
magnitudes of the various carrier densities, provided
that the semiconductor’s dielectric relaxation time is
much shorter than the sundry time constants associated
with the return to equilibrium of the perturbed carriers.
It is also implied that end effects are of no consequence,
that is that the carriers” Schubweg is smaller than the
crystal dimension in the direction of any applied bias.
Equations (A.8¢c) and (A.10) are combined to obtain
relations among the carrier densities and the impurity
centers’s parameters. Whenever C,>0, we have

2np=— N g (notn) 1= (ne+n1)+p,
—CoCr (potprtp )+ { [N 1 (o+n1)~!
+ (not-n)+p+CC (pot-p1+p5) I

+44\7;p/(7zOCan_1—n1)(no—}—nl)—l}"f, (Alla)

(A8a)
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and when C,50 then

2pr=—=Nup1(potp1)7'— (pot+p1)+n,
—CouCp (notmtng) +H{[Np1(potp1) "
+ (potp1)+n4+CuCy (o+n1+n,) ]2
F4N s (poCoCp™ = p1) (potp1) 1.

Note that ;= p; whenever

Cp=Cumy/no=C, exp{ (Er—Er)/kT}.

(A.11b)

If the impurity centers in question fulfil the condi-
tions, defined in the text, under which they may be
classified as hole traps, then

ne=—Nep1p;/ (po-t+p1) (pot+p1+p,), (A.12a)
= p L 1+Npy/ (potp1) (pot+p1tp,)], (A.12b)
2r=5potp0) = Nep1+ (potp1) (0~ po— p1)
+{ (P0+P1)2(Po+?1+ﬂf)2—NtP1
XL=Nepr+2(potp1) (n,—po—p0) 1}, (A12¢)
if they are electron traps, then
=N mmy/ (no+n1) (no+n1+n;), (A.13a)
=53 (no+n)"[— N+ (notn1) (p r—no— 1)
+{ (not+n1) 2 (no+n1+ps)2— Ny
X[=Nou+2(notny) (pr—no—n1) 1}, (A.13b)
Pf: %f[l‘{']Vﬂ’h/ (ng—l—m) (n0+n1+%f)]. (A13C)

The general relationships (A.11a) and (A.11b) assume
a much simpler form in the case of small signals, when
the products 7, and psn, in Eq. (A.7) may be neg-
lected :

B Ca(motn)+Cp(potp1)+Cpnl
! Cn(ﬂ0+n1)+Cp(p0+P1)+Cnnt0ﬂ1/%()

n ?r=Tpy.
(A.14)
APPENDIX B. THE PHOTOEFFECTS
The steady state continuity equation for holes is
e divIt= — ®,+G,— C,.C,N,
« nop s+ ponstnspy
Calmotmtng)+Colpotprtp7)

(B.1)

where the last term on the right describes transit of
carriers through the impurity centers under study, in
addition to the recombination mechanism implied in the
term ®,. We are interested only in that situation where
the impurity centers are traps, in which case they dis-
appear explicitly from the continuity equation which
becomes (when the recombination ®,, is linear)

e divit=—p,/r,+G,. (B.2)
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The total current density is composed of three parts,
due to the electric field, the concentration gradient and
the magnetic deflection

J=Jpt+ 3t T3,
Ji=eBu(notns), J=eD,Vn,,
Y =—pan(J5—+J)XB/c,
Jit=eBub~(potp,), Jit=—eDb"'Vp;,
Vt=ppu(Jet+J:) XB/c.
ungr and ppg are the Hall mobilities of electrons and
holes, respectively; ¢ is the velocity of light. The explicit
spatial components are
Jo=euE,(no+n;)+upkTdn;/dx+6,7,,
bJst=euE(potp;)—ukTdp;/dx+b0,T 7,
Jy=epE,(no+ns)+pkTdn;/dy—6,J ;,
BT+ =uE, (po ) —ukTdp/dy—b0,7 ,

where the electron and hole Hall angles are defined in
terms of the respective carriers’ Hall mobilities

(B.3)

(B.4)

0= —ﬂnHB/C, 0p=ypHB/C.

Consistent with the assumption that the x dimension
is large and thus does not affect the behavior in the
bulk, is the result that E, (which for small signals is
the Dember field, due solely to the different electron
and hole mobilities) is indeed independent of the «
coordinate under short circuit conditions. This follows
immediately from the condition E,=0 and the require-
ment VX E=0. This field is

= —— . (B.S)
e b(motng)+potps
Another consequence is that
J=6,J, and J,=0,J,%, (B.6)

and the condition of no net electrical current in the y
* direction Jfot J,dx reduces to J,=0.

Substitution of Eq. (B.5) into Eq. (B.4) results in
the following expression for the hole current in the
direction of illumination

wkT
b(not+ns)+potps
X[ (not+ns)dps/dy+ (potpr)dn;/dy],

Tt=

Yy

(B.7a)

under small signal conditions, when n,=Tp;,, the last
expression becomes

]y+= —[.LkT(no—}' Fpo) (b’ﬂo‘*}*?o)”ldpf/dy (B7b)
Equations (B.7b) and (B.2) yield the following differ-
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ential equation for the holes’ spatial distribution:

d*p;/dy*—Np;=—Gy/Dr, (B.8)
where
no+I'po
A= (7,Dr)""Y, and Dp=——""—.
110/DP+P0/Dn

Let G,=G,=kQe ™, in which Q is the amount of
illumination which is absorbed and generates carriers
in the semiconductor sample. The boundary conditions
to which the differential equation (B.8) is subject are:

at y=0, Drdp;/dy=sips,

B.9
Dedpyfdy=—spr.

at y=i,

51 and s, are the surface recombination velocities,
ps1 and pry are the hole densities at the two surfaces.
The solution for the density of free holes is

pr=Ce ™ +CANDr*{e7*7 (k—s9/ D7)
X (s;A" D5t sinhAy+coshAy) — (k+s1/Dr)

X [saA" D7~ sinhA (¢—y)+coshA (¢—v) ]}, (B.10)
in which
kQ
=y
Dr(A\2—k?)
and :

A= (5152 A2D7?%) sinhA i+ (s14s2)AND 7 coshh;
the other quantities of interest are:
J,t=eDyCke*—eDPCAN e " (k—s5/Dr)

X (51D 771 coshAy+\ sinhAy) 4 (k+s1/Dr)
X [s:D 7! cosh\ (t—y)+X sinhA(t—y) ]},

t t ¢
I*= f Jody=(6,—0,) f Jrdy=0 f Tty
0 0 0

=eD0C(1—e**)+eD 30CAN e **(k— 55/ D)
X (1—cosh\f— s\ 1D 7~ sinh\f)
~+ (k+s1/Dr)(1—coshit
—ssA"tD ! sinh) ],

(B.11)

(B.12)

AG:eyf (%f+b_1Pf)dy=6#(b_l+F)f psdy
0 0

=eu(04T)Ck (1—e ™)
+eu(b-14+T)CAD 2 e+ (k— 55/ D)
X [sA~LD 1 (coshAt— 1) +sinhA¢ ]+ (k+s1/Dr)
X [sA~'D 5~ (1—coshA) —sinhAZ}.  (B.13)

We shall now focus our attention on the case when



802 A. AMITH

all carriers are generated right near the illuminated The results are

surface. The solutions for this case are the limiting

=QA[s2 sinh\ ({—y)+XDz coshh (1— B.15
forms of the expressions just derived, in which k—. £7=QALs2 sinhM({=3)+ADr coshh(1=3) ], ( )
Alternatively, the problem may be defined in terms of Ju™=eD7QAN[ sz coshA(i—y)
the differential equation (B.8) in which =0, and the +ADrsinhA(t—v)], (B.16)
new boundary conditions: = ¢D7Q0A 52 sinhN-HADyp(coshhi—1)],  (B.17)

at =0, Drdps/dy=sipn—Q; (B.14) AG= eu (b4 T)QAN"[s2(coshrt—1)
at y=t, Drdp;/dy=—ssps. ' +ADy sinhAt]. (B.18)
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Radiation Effects in Silica at Low Temperatures
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Optical absorption bands induced in fused silica and crystalline @ quartz of low impurity content at
77°K by fast electrons or x-rays bleach slowly at room temperature. The presence of OH~ ions in fused
silica inhibits the formation of such radiation-induced absorption. Comparison of the number of centers
produced at 215 mu (C band) in Corning 7943 fused silica (OH™ free) for equal absorbed dose when irra-
diated with electrons and x-rays indicates that displacements are not involved in the initial formation of
the color centers. A defect model requiring simple ionization seems adequate to explain most of the observed
phenomena in this pure fused silica. No simple model can be proposed which adequately describes the data

in the case of the Corning 7940 fused silica (OH™ bearing).

INTRODUCTION

RRADIATION of fused silica or crystalline quartz

with x-rays, gamma rays, fast electrons, or fast
neutrons creates defect centers. These defect centers
alter the properties of the original material in many
ways. For example: (1) absorption of electromagnetic
energy occurs at optical frequencies where the material
was formerly transparent; (2) an appreciable number
of paramagnetic centers is produced; (3) the thermal
conductivity at low temperatures is altered; (4) the
density is changed; (5) the crystalline structure is
altered or even destroyed; and (6) the average separa-
tion among atoms is changed. Many of the property
changes are related, for a given defect type may con-
tribute to several of them. It is thus of considerable
interest to determine, if possible, the nature of the
defect centers that are responsible for the macroscopic
property changes.

Information concerning specific models can often
times be gained by studying the damage produced by
x-rays and by fast electrons of various energies. For
example, if a threshold energy for the production of the
defect can be established, then the defect model re-
quires the direct displacement of atoms to form vacan-
cies and interstitials. This can be determined by meas-
uring the optical absorption arising from the defect as
a function of the incident energy of a fast electron.
Furthermore, x-rays would not be expected to produce

this type of damage. On the other hand, defects which
can be formed by simple ionization of the lattice atoms
would be expected to be produced by both x-rays and
by fast electrons. The number of centers formed by
fast electrons should be directly proportional to the
stopping power of the material for electrons. A com-
parison of the optical absorption in fused silica for
equal absorbed doses of electron and x-irradiation can
also establish which of these two models more nearly
describes the observed effects. This paper presents data
on the damage induced in fused silica and crystalline
a quartz by x-rays and by fast electrons of energies
between 0.5 and 2.0 Mev. These data are then used to
examine the models of the radiation-induced defects
that give rise to the color centers in this material.

Some very definite models for the defects giving rise
to optical absorption maxima have been proposed.
These models and the experimental factors which bear
on them are discussed in the following section.

PRESENT MODELS OF THE DEFECTS
A, C, and E Centers

The model of the center giving rise to the 4; (620 mu)
and 4, (450-477 mp) bands in crystalline quartz has
been firmly established as a result of combined optical

1 Ditchburn, Mitchell, Paige, Custers, Dyer, and Clark, Repor#
of Bristol Conference on Defects in Crystalline Solids July, 1954
(The Physical Society, London, 1955), p. 92.



