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The photoelectromagnetic (PEM) response of high-purity single-crystal 7 -type InSb has been measured
over the temperature range 80-300 °’K. A comparison of the data with the results of a theoretical treatment
of the PEM effect, generalized to include bulk generation at arbitrary magnetic field, gives values for the
surface-recombination velocity on this material both as a function of temperature and of surface preparation.
The results also include the first reported observation of a negative PEM response due to the diffusion of
carriers into recombination sites at the illuminated sample surface.

I. INTRODUCTION

The photoelectromagnetic (PEM) effect [some-
times called the photomagnetoelectric (PME) effect]
has long enjoyed popularity as a technique for the
measurement of bulk- and surface-recombination
rates in semiconductors. The effect was first ob-
served by Kikoin and Noskov' in Cu,O and ex-
plained in terms of a photodiffusion of excess elec-
tron-hole pairs by Frenkel? in 1934, Little in-
terest was shown in the effect, however, until
Aigrain and Bulliard® reported PEM data on single-
crystal samples of Ge in 1953 and Moss et al.*
published a somewhat more rigorous theoretical
treatment of the phenomenon in the same year.
Measurements of the PEM effect have since been
reported on PbS, *® Si, 7 intrinsic and p-type InSb,®
InAs, ® CdsS, 0 and semiconducting and semi-insulat-
ing single crystals of GaAs.'~'® For the inter-
ested reader a review of this early work appears
in the article by Garreta and Grosvalet.'* Ad-
vances in a theoretical understanding have been
no less extensive. Notable among these are the
treatments of Kurnick and Zitter!® and van Roos-
broeck!® which have enjoyed outstanding success
in explaining much of the observed PEM data re-
ported to date. The effects of large levels of car-
rier injection, where trapping'” and nonlinear re-
combination may become important, have been
treated by Beattie and Cunningham, !® Agraz and
Li, * and Li and Huang. ?

Common to all of these analyses, however, is
the assumption that photon absorption and thus car-
rier generation, occurs at the illuminated surface
of the semiconductor. For all the data presently
available this assumption would seem to be ade-
quate. Girtner?! has presented a theory for the
PEM effect in the presence of volume generation
but has restricted the treatment to the case of
small magnetic fields.

This paper presents the results of an experi-
mental and theoretical study of the PEM effect in
n-type InSb over the temperature range from 80 to
300 °K. The first section of the paper will pre-
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sent a theoryfor the PEM effect in the presence of
bulk-carrier generation, finite sample thickness
and arbitrary magnetic field. It will be shown
(and later demonstrated) that under certain experi-
mental conditions, which can for example be readily
achieved in InSb, the PEM signal may be expected
to reverse polarity. Following a summary of the
relevant bulk parameters of InSb and a discussion
of the experimental techniques employed in this
study the final section of the paper will present the
results of PEM measurements made on bulk high-
purity n-type samples of InSb as a function of mag-
netic induction and temperature. From these re-

sults, values of the surface recombination velocity
will be determined as a function of temperature

and for various techniques of surface preparation.
II. THEORY

The present treatment of the PEM effect is based
on the following assumptions: (i) Steady-state con-
ditions prevail; (ii) the injected carrier density is
small compared to the thermal equilibrium con-
centration; (iii) the thermal equilibrium carrier
concentration is independent of position, i.e., the
effects of built-in electric fields are neglected;

(iv) nondegenerate carrier statistics apply; (v)

the sample is sufficiently large that edge effects
are negligible and thus that a one-dimensional anal-
ysis may be applied; (vi) all materials parame-
ters are independent of magnetic field.

With reference to Fig. 1 the current components
in the semiconductor may be written

T =qPURE;+ Ly By, (1)
9

T =apMAE, = 1BIw=qDs b, (2)

Jex=qnp E, - HeBd,,, (3)
n

Joy=NG e Ey+ g B +qD, 7y’ (4)

where J, and J, are the electron and hole current den-
sities, respectively; the x and y components being
indicated by subscripts. » and p are the electron
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FIG. 1. Schematic representation of sample configura-
tion and electron-hole pair separation leading to the gen-
eration of the normal PEM effect. The coordinate axes
and magnetic field orientation used in the present theo-
retical treatment are as shown. Illumination is incident
in the y direction onto the semiconductor surface lying
in the xz plane at y=0, the resulting PEM field E, being
generated along the x axis.

and hole concentrations, u,and u,the carrier
mobilities, D, and D, are the diffusion coefficients,
g is the magnitude of the electronic charge, B is
the magnetic field (in the z direction), and E, and
E, are the x and y components of the electric field.
Eliminating J,, between Eqs. (1) and (2) and J,,
between Egs. (3) and (4) and eliminating E, be-
tween the two resulting equations gives the equa-
tion for the current density in the y direction,

J[pua(l+ p2B%) +np, (1+ p} BY)]

=qnphe bp(le+ Kp) BE,

"'q(””eDh:‘g*'P#th %) (5)
In Eq. (5), J=dJg=~J,, as a result of the fact that
the current density (J,, +J,,) must vanish at the
surface and hence, under steady-state conditions,
in the interior also.

Assuming that the carrier generation rate due
to optical excitation decreases exponentially with
distance into the sample, the current continuity
equation may be written

3_J=_q_<w -qAey (6)
9y  Tpewm \ Mo+Po

where ngand pyare the thermal equilibrium electron
and hole concentrations, « is the absorption coeffi-
cient, A is the electron-hole pair generation rate
per unit volume at the illuminated surface, and Tpgy
is the effective recombination time for injected
carriersina PEM measurement and is givenin terms
of the lifetimes of electrons and holes 7, and 7, by'?
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ng Tp+PoTy . G

ng+po
Taking the derivative of Eq. (6) gives

82J __4q (n8p/8y+p8n/8y
9y TPEM 1o+ Po

With the assumption of carrier nondegeneracy
(which has been universally assumed in all previous
treatments if not always explicitly stated) the dif-
fusion coefficients appearing in Eq. (5) may be
related to mobility through the Einstein relation.
This allows Eqs. (5), (6), and (8) to be combined to
give

2
L3 Z—y{- +TpeuMe (Ke+ Hy) BE, 2—;1

TpEM™

) +qahe ™. (8)

(pu,,(l +uZB?) +npg(l+ uiBz))
- J
W (20 + Do)

__ qnopo (b + 1) BE,
(o +po)

+ATppy b

xe *[akT - q(pe+ 1y) BE, ], 9)

where L, is the electron diffusion length and % is
Boltzmann’s constant. For a—«, i.e., surface
generation, Eq. (9) reduces directly to Eq. (6) of
Ref. 15.

Following Kurnick and Zitter'® Eq. (9) may be
linearized by assuming small-signal conditions so
that » and p may be replaced by their thermal equi-
librium valuesin the coefficient of J. Furthermore
if

Teeu He (Ke+ 1y) BE,

b a1+ p2B?) +ng po(1 + 2 B?) )”2
« LD< e , (10)

then the term in 8J/9y may be neglected. The in-
equality (10) is well satisfied in all cases to be
considered in this paper.

With these provisions, Eq. (9) reduces to a
standard linear differential equation of second or-
der whose solution is

J= Cle“’+Cae"’”+q——°-2°—-'——‘——h——‘-n Holty + 1) BE

a® L% (no+po)

_ -ay
_ATppy MI]akT; q(Ke+p,)BE, e . (1)
L3(

a® - a?)
where
ao(Pota(+ ;;fBz) +ng Bl + uﬁBz))“"" .
L3 pylng+po)

a™! (which has been termed!” the effective ambipolar
magnetic diffusion length) reduces, at low B, to
the normal ambipolar diffusion length.

C, and C, appearing in Eq. (11) are constants of
integration which must be determined from the
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boundary values imposed on the solution. Con-
ventionally the boundary condition at a surface is
specified in terms of an effective surface-recom-
bination velocity S through an equation of the form

_ o5 (™= "ab0
J.m—qs( —— ).,,,' (12)

In addition the current continuity equation (6)
must still be satisfied, thus the boundary condi-
tions are

J

8J
=S, T ('_ +qA)
y=0 1'PEM ay g0

and (13)

==8S,T (_8_{
yed 2'PEM ay

where S; and S, are the values of S at y=0 and d,
respectively. These boundary conditions suffice
to determine C; and C, uniquely.

Working towards a solution for the PEM voltage,
two cases are of interest. When the PEM signal

J

+gA e'°"’> ,

yad

Jem= —gAB(le+ 1p) R
S

8

generated along the x axis of the sample is mea-
sured with a meter whose impedance is much less
than that of the sample, E, is reduced to zero (the
so-called short-circuit case) and from Egs. (1)
and (3) the measured current per unit sample width
is given by

d
Jsc=f0 (Jex+Jlu)dy=’B(u¢+#h)f:de. (14)

For low-impedance bulk samples it is usually far
simpler experimentally to determine the PEM sig-
nal with a measuring device whose impedance is
much larger than that of the sample. In this case

S ot T dy =0,

and from Egs. (1) and (3) the PEM open-circuit
field E, is given by

__ Blug+py)

oc™ qng ke+po bp)d

j Jdy. (15)
Following considerable (although quite routine)
algebraic manipulation it follows from Eqs. (11)
d (13)-(15) that

¢~ a(a® - a®) [atpeu(S; +S2) cosh(ad) + (1+S,S,a2 T55y) sinh(ad)| ’ (16)
where
=[(@ = S3a® Tpgy) + (@ +S, a® Tpg ) €% ] cosh(ad)
—a[(1-Syatppy) - (1+S; aTppy) e™*?] sinh(ad) - [(@ +S,a%Tpgy) + (@ = S,a% Tpg ) ™% ] (16a)
and
Foc= 2= 2 1)9((7:‘#):‘:’2? B dt 4
where

t=alaTpg u(S;+S,) coshlad) + (1 +S,S,a% 745, sinh(ad)] -

Lolpg+ 1y)* B

a’(@® - a®) LEd o +po)ng Ke+DoHp)

X {(az - a®)nopo{2 - (2 - a®dTppyu(S; +S;)] cosh(ad) = a[Tpg (S, +S,5) — d(1 +5,S,a® Té5 )] sinh(ad)}

—ATppy@®(ng+po) [(g (1-e")[S,S, Tepu(a?—a?) ~ 1] +atpeyu(S,+S; e""‘)) sinh(ad)

+ (Mzzx—az-m (e = 1)+ aTpg (S, ~ S, e7*%) + (e~ + 1)) cosh(ad) —[(1 +S; aTpgy) +e"*¢(1 =S, a'rPEM)]]} .

Equations (16) and (17) describe, respectively,
the short-circuit current and open-circuit PEM
field generated in a slab of material of arbitrary
thickness d. They are valid for all values of mag-
netic field and absorption coefficient consistent
with our implicit neglect of quantum phenomena
and reflections at the rear surface of the sample.
For small magnetic fields and low photon flux
densities (i. e., B and I-0) they reduce directly

(17a)

r

to the expressions [Eqs. (21) and (22) of Ref. 21]
derived by Gartner. From the complexity of &
alone it is evident that these equations cannot easily
be handled in an analytic fashion. In the limit of
a- and ad > 1, i.e., surface absorption and a
sample thick with respect to a diffusion length

(R";.“ead a(l+S,aTppy) (18)

and
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gqn(1 —R)IB(u,+ u;.)
a(1+S,atpgy)

Jsc = (19)

where I=A[an(1 - R)]™! is the photon flux density

|

Furthermore,
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incident on the sample, 7 is the quantum effi-
ciency, and R is the reflectivity of the semicon-
ductor. Equation (19) is identical to that derived
by Kurnick and Zitter [Eq. (7) of Ref. 15].

£~ % e (1+5,aTppy)(1+5,aTpey) [1

and

Eoc=—-n(1-R)IB(L, +u,,)lad(no Ko+po p)(1 +Sla-rpm,)[1 -

If I is sufficiently small that the last term in Eq.
(20) may be neglected then from Egs. (19) and (21)

Jsc

z =qd (ng pe +Do Kp)
ocC

a=w,ad>»l

« (1 _ __nopobg(ky+ ky)* B2 )
aaL%(ﬂo +Do)gke +Dokn)

(22)
which is simply the conductance of unit width of the
sample in a magnetic field B. This was observed
previously by Kurnick and Zitter. '

With the above assumption that carrier genera-
tion occurs at the surface (i.e., a- ») carrier
flow at all points within the sample must be away
from the illuminated surface. As can be seen
from Eq. (21) (as well as from a qualitative con-
sideration of Fig. 1) the polarity of the resulting
PEM field is negative with the presently assumed
coordinate axes. This will be referred to as the
normal PEM effect and is what has been experi-
mentally reported in all previous discussions of the
PEM effect. If instead a is finite so that bulk
generation occurs, then any recombination at the
front surface will result in some carrier flow to-
wards the illuminated surface. If this component
of current flow exceeds that away from the front
surface due to diffusion and recombination at the
back surface, then the net current flow will be to-
wards the illuminated surface and the PEM volt-
age will be of the opposite polarity. With the
J

u.(u.+ pp)? B? ( ng Do
aLy(ng e +po k)

Itppy(1+S; aTppy) )] (20)

Qg +0g) | ad(l +5;aTpgy)

1

Mollig+ “’h)sz ( nobo

. ITppu(1+S; anEL)ﬂ}-
aLy(ng ke+po ky) \@(ng+po)

ad(1+S,aTpgy)
(21)

r
present sign convention Ey¢ will be positive. This
will be referred to as the negative PEM effect.
Girtner? has suggested that for the observation of
such an effect the excess carrier density at the
illuminated surface must be less than that at the
rear surface. A necessary but insufficient condi-
tion for this is that S,>S,. It is further necessary
that ad be not too much larger than unity. If this
latter condition is not satisfied then carriers will
be able to recombine via bulk centers before reach-
ing the unilluminated surface of the sample. In
this way the excess carrier density at the rear
surface of the sample will approach zero irre-
spective of the value of S,. This will necessarily
preclude the generation of a smaller carrier ex-
cess at the illuminated surface.

Inspection of Eq. (17a) indicates that at low tem-
peratures, where ngpy is small, the quadratic
term in B in £ may in general be neglected com-
pared with the first term for all readily accessible
values of magnetic field. Furthermore if I is
small, specifically if

I<< nopo ad(l +sla‘rpE!!2
aTpeu(o+po)(1+S; @Tpgy)

then
£ ~alatpg (S, +S,) cosh(ad) + (1 +S,S,a? 3 gy) sinh(ad)].

& is thus positive for all values of S; and S, and
hence the sign of Eq¢ is determined by K.
If a>a and ad> 1, then from Eq. (16a)

@~ (@ — S,a%Tpgy) cosh(ad) +S,aaTp gy sinh(ad) - (@ +5,a® Tppy) (23)

and
EOC

— nIB(kg + k[ (@ = S;a® Tppy) coshlad) +S, aa-rpmémh(ad) - (a+S;8%7ppy)]

If S, > (aTpgy)™! and S, < (aTpgy)”t, then

—nIB(u,+u,,){a[cosh(ad)— S,a "Pwl
aa®d(ngh, +pokis) Sy 'rpEMcosh(ad)

EOC

(25)

aad (nokt, +pokn)[aTpeu(S; +S2) cosh(ad) + (1 +8, S,a®12;y) sinh(ad)]

(24)

r

From this equation it can be seen that the open-
circuit PEM voltage goes to zero for

S;=a[cosh(ad) —1]/a®Tpgy - (26)

For values of S, less than this the net carrier
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flow is away from the illuminated surface and the
normal PEM effect prevails. However, for S,
larger than the value given by Eq. (26) the net car-
rier flow will be towards the front surface of the
sample and the negative PEM effect with a reversed
sign of the generated voltage will occur. If S, is
finite, then the value of S, required for the observa-
tion of the negative PEM effect will be larger than
that given by Eq. (26). One should note however,
from Eq. (26), that whereas S, may be sufficiently
large to generate a negative PEM effect at wave-
lengths near the fundamental edge where « is
small, it may be of insufficient magnitude to main-
tain the effect at shorter wavelengths. This prob-
lem of the spectral dispersion of the PEM effect
has been discussed at some length by Gartner?!
and has been recently studied in Ge via a measure-
ment of the magnetic flux generated by the circulat-
ing PEM current. 2z

Using the parameter values for InSb given in
Sec. III, Eq. (26) suggests that in a sample 340
um thick the recombination velocity on the front
surface must be greater than ~ 3. 5% 10° m/sec at
90 °K for the observation of the negative PEM ef-
fect at low values of magnetic field. If S;— then
the negative PEM field will approach asymptotical-
ly a value

Eou(S,~ ) = MB(Lg + k)

" ad@gp, +poits) coshlad) 27

Normalizing this maximum negative PEM field to
the maximum normal PEM field available with S,
=0, as given by Eq. (24) with S,=S,=0, gives

E, _ a sinh(ad)
Eoc(81=0) |s,00 " acosh(ad)[cosh(ad) - 1]
(28)
If uyB<1 (for ng> py and p,2 Ky, then a is prac-
tically independent of magnetic field, and from Eq.
(24) it can be seen that E,¢ is essentially linear in
B. However as B increases and a begins to in-
crease with B, the value of S, required for the ob-
servation of the negative PEM effect will rapidly
increase [Eq. (26)]. Thus a sample with a suffi-
ciently large value of S; for the observation of the
negative PEM effect at low magnetic field may re-
vert to the normal PEM effect as B is increased.
Of considerable practical interest is the case
where d is small. This, of course, has specific
relevance to the application of the present theory
to the case of thin films of semiconductors. If
the assumption made previously, namely that ad
> 1, still applies, and further if ad <1, then
equality (26) reduces to

S, =ad?/2Tpgy - (29)

—0)

If S,>0, then from Eq. (24) E ¢ goes to zero for
S;=adS,+d/2Tpgy)- (30)

LILE
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For a 5-pm-thick film of InSb at 90 °K this sug-
gests that the negative PEM effect will be observed
with S,=0 at short wavelengths for all Sli 20 m/sec.
Recombination at the rear surface of the film will
however, markediy increase this low threshold
value.

As an illustration of the above, Fig. 2 shows
E,c versus S; calculated using Eq. (17) with S,
=0. The material parameters used are those ap-
propriate to n-type InSb at 88 °K. A doping den-
sity of 10 cm= was assumed and « was taken as
1.4x10°% m™!, a value appropriate to illumination
at a wavelength of ~1.7 pm. It is evident from
this figure, as well as Eqs. (26) and (28), that the
negative PEM effect will manifest itself both at a
lower value of S; as well as with a larger magnitude
as sample thickness d is reduced.

Although the above treatment has concentrated on
the behavior of the open-circuit PEM effect similar
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FIG. 2. Theoretical variation of the open-circuit
PEM field with surface-recombination velocity for InSh
samples of thickness 1 mm [curve (a)], 340.0 um [curve
(b)], and 5.0 um [curve (c)]. The curves were calculated
using Eq. (17) with bulk parameter values appropriate
to InSb at 88 °K. An illumination intensity of 1 W/m? at
1.65 um and a magnetic field of C.1 Wh/m® was assumed.
The recombination rate on the rear surface was taken
as zero. Signals corresponding to the negative PEM ef-
fect are shown by the short dashed lines.
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results may be obtained from a consideration of the
short circuit case given by Eq. (16).

II. BULK PARAMETERS OF InSb

Any attempt at a precise study of the electrical
properties of a surface requires, a priori, ac-
curate data on the bulk parameters of the sample
under investigation. In preparation for the PEM
results to be presented in Sec. V it will prove con-
venient to summarize here what is felt to be the
best currently available data on the bulk prop-
erties of single-crystal n-type InSb of relevance
to the present investigation. The reader interested
in a more general review of the properties of InSb
is referred to the comprehensive studies by Hilsum
and Rose-Innes® and Madelung. %

A. Electron Carrier Concentration and Mobility

These parameters were measured directly on the
samples used in this study. A Van der Pauw Hall
measurement was made as a function of tempera-
ture on the slice of semiconductor from which the
samples were subsequently cut. The results of
this measurement for B~ 2 kG are shown in Fig.
3. It can be seen that the Hall coefficient varies
as is to be expected and indicates for this sample
a net donor density of ~1.05x10'* em"3. Further-
more, the electron mobility values shown in Fig.
3(b) are in very good agreement with currently
available data on pure material®+?* and follow
closely the form p,=1.09x10°T-*® cm?/V sec
suggested by Hrostowski et al.® for lattice domi-

0 E T T 1 T T
w0'E =
ENE 3 =
£ E 3 =
s I 1 &
£ 3 1 2
g1 E =
= ~ - =
= L 4 2
4 1 &
10 g 2
@
10'5 | | | | I |
0 20 40 60 8.0 100 120

1000/, °K”

100.0 T

10.0
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nated scattering in InSb.

The values of i, shown are based on a value of
the Hall coefficient factor #(B) of unity.?® The re-
sults of Hilsum and Barrie?” show that the Hall
coefficient in pure n-type material (z< 10 cm™®)
at room temperature is essentially independent of
magnetic field suggesting that »=1.0. At 77°K
Beer?® has reported a value for » which decreases
from a value of 1.1 for BS50 G to unity for B2 2
kG. Similar results as well as an unexplained in-
crease in Ry for fields in excess of ~ 2 kG have
been reported by Bate et al. % These results are
in agreement with the theoretical analysis of
Ehrenreich®® which shows that for intrinsic ma-
terial, where screened polar optical mode scat-
tering combined with electron-hole scattering dom-
inates, 7(0) increases from a value of ~1.01 at
300 °K to ~1.07 at 200 °K. These results thus sug-
gest that, at least over the temperature range
80-300 °K, 7(B) has a value near to unity for BX 2
kG.

B. Hole Carrier Concentration and Mobility

For temperatures in excess of ~170 °K the pres-
ent samples are intrinsic and py=n,. To deter-
mine the hole concentration at lower temperatures
in the extrinsic range requires a knowledge of the
intrinsic carrier density »; from which py=n%/n,
may then be calculated (within the limitations of
carrier nondegeneracy). No experimental data
exists on n; at low temperatures; however, given
a knowledge of the carrier effective masses m,

FTTTT

T TTTTT

I

I

5 -168
M, =109%10°7T

LLrigll

[T TTTTIT

]

I
|

(b) ]
1.0 Lol LoLo il
10 100 1000

TEMPERATURE, °K

T

FIG. 3. Temperature dependence of the Hall coefficient (a) and electron mobility (b) as measured on the single-crys-
tal slice of n-type InSb from which the PEM samples were cut. The data shown were obtained from a Van der Pauw

measurement made in a magnetic field of 0.185 Wb/m?.
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and m , and thermal energy gap E,(T), it may be
calculated using

n%=4(21rkT/h2)3(m,m,,)3/2e'E'(T)/hT- (31)

To within an accuracy of better than 10%%! the
electron effective mass may be assumed tempera-
ture independent with a value of 0.013m,. In the
absence of any experimental data to the contrary
my, is also assumed temperature independent with
avalue of 0. 4m,. Usingthesevalues of the effective
masses together with the band-gap data of Roberts
and Quarrington® »n; was calculated using Eq. (31).
Although this approach will only give an approxi-
mate value for p, it suffices for the present pur-
poses owing to the relative insensitivity of the PEM
signal to the minority carrier concentration at low
temperatures.

The hole mobility in n-type material is perhaps
the least well known bulk parameter of InSb. The
results of Hrostowski et al.% on p-type material
indicate that lattice scattering dominates for T
2100 °K for the purest specimen studied (p~ 3x 10!*
cm™%). Both their data as well as that of Howarth
et al.® may be fitted by an expression of the form

pp=1.25%10°T-%%" cm?/V sec (32)

at high temperature. The impurity density in the
present material is less than that reported for

their p-type samples and furthermore the impurities
are donors. Because of this, as well as the lack of
a preferable alternative, the assumption will be
made that lattice dominated scattering will exist

for holes to the lowest temperatures studied and
that in consequence, Eq. (32) may be taken to de-
scribe u, over the entire experimental range.

C. Carrier Lifetime

Considerable data exists in the literature on the
carrier recombination time in both p- and n-type
InSb. Furthermore a good qualitative and quantita-
tive agreement exists between much of this data
regarding the mechanisms and magnitude of car-
rier recombination and trapping which occurs in
this material. At temperatures below ~ 200 °K
recombination is believed to occur via one or more
trapping levels, although as yet no consensus
would seem to exist on the exact nature of these
centers. Above 200 °K the lifetime is believed to
be limited by direct interband Auger recombination.
A result of this is that at low temperatures trap-
ping plays a dominant role in the recombination
process in p-type material and 7, > 7, (typically®
7,~ 4x10"® sec and 7,~5x10"" sec at 77 °K). In
n-type material and in p-type above ~ 200 °K trap-
ping can be neglected so that 7, equals 7, and,
from Eq. (7), also equals Tpgy. A composite of
the available experimental data suggests a recom-
bination time in n-type InSb which varies with tem-

D. L. LILE
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perature as shown in Fig. 4. This plot is based
on all available data of which the author is aware.
However, five papers®~3® were of special signifi-
cance because their authors reported lifetime val-
ues over a wide temperature range. All remaining
references®® give spot values at either 300 or 77 °K.
Of these, those on p-type material using the PEM-
Photoconductivity ratio method!® to measure life-
time at low temperature were discounted because
of trapping. ! The vast majority of the remaining
data was within +20% of the values shown in Fig.

4. The data shown are felt to be particularly
representative of material of net donor doping
5$5x10" cm™%. Also shown in Fig. 4 is the theo-
retical Auger lifetime as calculated by Beattie

and Landsberg.*® One can see that the fit with ex-
periment is extremely good at the higher tempera-
tures.

D. Optical Parameters

Sample reflectivity and absorption coefficient
affect directly both the number and the distribution
of injected electron-hole pairs in the specimen.
Values of these parameters for InSb have been re-
ported by a number of authors both as a function
of wavelength and of sample purity. Much of this
data however, is limited to wavelengths near the
fundamental edge where « is relatively small or
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is made on impure material where the Burstein-
Moss shift exerts a considerable effect. Seraphin
and Bennett, * in a review article, have summa-
rized and tabulated the available optical constants

n and 2 of a number of semiconductors. Their
data for InSb at short wavelength is taken from the
work of Philipp and Ehrenreich*? which gives a
=1.36x10* cm™ and R = 36. 8% for InSb at 1.65 um,
the wavelength at which the majority of the present
measurements were made. Moss ef al.* report
a=1.5x10* cm™, and the results of Gobeli and
Fan* give a~2x10* cm™ (by extrapolation) at
1.65 um. At this wavelength the data of Kesaman-
ly et al.*® give @~ 1.0x10* cm™ and R~ 36%. By

a somewhat extravagant extrapolation (from 5 pm)
the present authors obtain a value of R 237 from
the data of Spitzer and Fan.%® All of these results
were reported on intrinsic n-type material at room
temperature. In the light of the above results a
value of a=1.4x10* cm™ and R =379 will be taken
as representative for InSb at 1. 65 um. Further-
more although both these parameters will vary
with temperature, the dependence is expected to
be slight and will be neglected. Some support for
this is obtained from the results of Gobeli and Fan®
where @ at short wavelength varied by <10% on
going from room to liquid-nitrogen temperature.
Any variations in the optical properties between
samples resulting from different techniques of sur-
face preparation will also be neglected. *!

In addition to # and & (or R and «) it is necessary
[Egs. (19) and (21)] to know the quantum efficiency
for photon to electron conversion. Very little
data exists in the literature on this parameter for
InSb. In the absence of an extensive concensus the
data of Tauc and Abraham*’ will be taken as de-
finitive, which gives at room temperature and 0. 75
eV an internal quantum efficiency of 125%. Any
dependence of this parameter on temperature will
also be neglected.

1IV. EXPERIMENTAL PROCEDURE

Samples of InSb were prepared from commercial-
ly available single-crystal material of net donor
doping ~1.0x10" cm=® (Fig. 3). Material of this
purity is nondegenerate for all temperatures
$280 °K. Rectangular specimens approximately
0.4%x1.0%X10 mm were cut with a wire saw so that
the large surfaces were oriented parallel to the
(331) crystal plane. These surfaces were then
ground flat using a 600-mesh (15-pm particle size)
alumina slurry on a glass plate. Following this
one surface was prepared in one of the following
ways.

(i) The surface was polished with a No. 2 alumina
abrasive (0.3-um particle size) in water. This
technique gave a highly reflective surface which
nevertheless contained a large number of fine
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scratches.

(ii) Following polishing as in (i) the surface of
the sample was wiped for approximately 30 sec
with a cotton swab soaked in a 1-5% solution of
bromine in methanol. The treatment was termi-
nated by flooding the sample surface with liberal
quantities of methanol. This procedure minimizes
the exposure of the surface to air while it is in
contact with the bromine and thus reduces the for-
mation of any surface oxide. In this way a sur-
face of good optical quality was obtained essentially
free from scratches. Microscopic examination,
however, revealed a large number of narrow
elongated indentations or rilles in the surface.

Not unreasonably it would seem that the swabbing
resulted in either an uneven application of pressure
over the surface or in a nonuniform exposure of the
surface to the etchant.

(iii) Following polishing as in (i) the sample was
immersed and agitated for approximately 30 sec
in a 1-5% bromine in methanol solution in a plastic
beaker. The etch was terminated by flushing the
solution with Methanol as in (ii).

(iv) After preparing the surface as described in
either (ii) or (iii) above, the sample was anodized
to 20 V in a 0. 1N aqueous solution of KOH. Fol-
lowing all of the above the samples were given a
final rinse in flowing deionized water (p2 18.0
MQ cm).

Soldered indium contacts were applied to both
ends of each sample. These contacts were de-
termined to be ohmic at all temperatures from
the linear and symmetric nature of the current
voltage characteristics of the samples as well as
from the consistent agreement of the measured
resistance with that calculated from the measured
Hall mobility and carrier concentration. During
the optical measurements the contacts were masked
with black tape to eliminate their making any con-
tribution to the measured photosignals. The sam-
ples were mounted in an evacuated stainless-steel
Dewar which fitted between the pole pieces of an 8
kG electromagnet. The magnet was driven by a
stabilized power supply which held magnetic field
variations to <1%. The magnet was calibrated
using a Hall probe gaussmeter. The copper mount
holding the samples, and presumably the samples
themseives, was temperature controlled by a pro-
portional controller which maintained temperature
constant to within +0.5 °K over the range from
~ 80 to ~310 °K. Mlumination for the measure-
ments was obtained from either a microscope lamp
or a Nernst glower. The light was mechanically
chopped at ~ 500 Hz and then passed through a
prism monochromator. The output from the mono-
chromator, which for most of the measurements
were set at 0.75 eV (1.65 um), was collected and
focused onto the sample by a large aperture front
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silvered mirror. Ilumination of the sample was
made at normal incidence through either a NaCl

or soda glass window in the Dewar. For some of
the measurements a Corning glass filter was fitted
over the Dewar window to eliminate stray light. The
photon flux in the beam from the monochromator
was determined by replacing the Dewar with a
thermocouple detector which had been calibrated
against a standard black-body source. The trans-
mittance of the Dewar windows and the filter was
also measured using the thermocouple and was
allowed for in calculating the light intensity reach-
ing the samples. The system was aligned each
time a sample was replaced by adjusting the focuss-
ing mirror to give a maximum PEM signal. The
sample was assumed to be at the prime focus when
this condition was satisfied. Although consider-
able effort was taken with the optical system, it

is felt that the dominant experimental inaccuracy
results from an inability to precisely determine the
illumination intensity on the sample. This prob-
lem will be discussed more fully in Sec. V.

The photosignals generated by the samples were
measured using a PAR model 124 phase-locked
amplifier. Because the resistance of the samples
was low (typically <509 at 80 °K) the open-circuit
PEM voltage rather than the short circuit current
was measured using a PAR model-116 preamplifier
with an input impedance of 100 MQ.

V. EXPERIMENTAL RESULTS AND DISCUSSION

The results of this investigation fall logically in-
to two distinct categories. The first involves those
samples whose surfaces were prepared by one of
the first three techniques discussed in Sec. IV.

The second group contains those results obtained
on surfaces which have been anodized.

A. PEM Results on Free-Surface Samples

Figure 5 shows the results of the open circuit
PEM measurements made on a number of samples
of InSb over the temperature range 80-300 °K.
The data were obtained at a magnetic field of 1. 36
kG and an illumination intensity of a few 100 uW/
cm?,

To facilitate easy comparison between samples
and with theory all data have been normalized to
an illumination intensity of 1.0 W/m?%. Also shown
in the figure is a set of theoretical curves cal-
culated using Eq. (17) for various values of sur-
face recombination velocity S; on the illuminated
surface. Bulk parameter values used were those
presented in Sec. III, It is to be noted that the dif-
ference between using the full expression for the
PEM field [Eq. (17)] and the usually employed ap-
proximation [Eq. (21)] is completely negligible in
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FIG. 5. Temperature dependence of the open circuit
PEM field for an illumination intensity of 1 W/m? at
1.65 um and a magnetic field of 0.136 Wb/m?. Solid
curves are theory using Eq. (17) with various values of
Sy (in m/sec) as shown and S, equal to zero. Sample
thickness was taken as 340.0 um and all remaining pa-
rameters were assigned values as discussed in the main
text. The data points correspond to samples prepared
as follows: The solid block points [curve (a)] are for a
sample swilled in a bromine in methanol solution. Open
circles [curve (b)] are for a sample whose surface was
prepared by swabbing with bromine in methanol and the
solid circles [curve (c)] were obtained on a sample pol-
ished with a No. 2 alumina abrasive. The solid trian-
gular points [curve (d)] were measured on a sample
whose surface was first polished in bromine in methanol
and subsequently subjected to a plasma discharge in
dried N2.

this region, namely, where the surface-recombina-
tion velocity is not too large and the sample thick-
ness, which is typically 340 pm in the present
case, is much larger than the absorption length of
the light and not small compared to a diffusion
length. Furthermore, the effect of changes in S,
in this region can also be neglected. The cal-
culated PEM signal was found to only increase by
a couple of percent if S, was changed from zero
to 10 m/sec. The curves shown in Fig. 5 were
calculated with S, =0.

It can be seen that the results for sample B102*
[curve (a)] approach very closely the theoretical
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curve for zero surface-recombination velocity,
whereas curve (b) for sample B102 departs signif-
icantly from the zero S curve for temperatures
less than ~150 °K. Curve (c) for sample B102*,
prepared by mechanical polishing [surface tech-
nique (i)] canbe seentodepart appreciably from the
zero S, curve over the entire temperature range
studied. It should be appreciated that although a
number of samples were used, in a few cases one
sample was prepared with one surface finish and
measured. Following this it would be removed
from the Dewar and reprocessed with a different
surface technique. This is the case for curves
(a)=(c) in Fig. 5 which were all measured on the

same sample but after different surface treatments.

Curve (b) is for a bromine in methanol swabbed
surface [technique (ii)] and curve (a) is for a sub-
sequent swill in bromine in methanol [technique
(iii)]. It should be mentioned that the good agree-

ment between theory and experiment obvious in Fig.

5 for the most highly polished samples attests not
only to the adequacy of the. theoretical model but
also to the mutual consistency of the presently
available bulk data on this matevial.

A comparison of the theoretical and experimen-
tal curves in Fig. 5 allows the surface-recombina-
tion velocity for each sample to be determined as
a function of temperature. The results of this are
shown in Fig. 6. It is felt to perhaps be of some
significance that all these curves show an inflexion
point near the temperature range over which the
samples change from intrinsic to extrinsic. Al-
though the agreement between the results on the
bromine in methanol treated surface and the theo-
retical curve for zero recombination velocity are
excellent, the accuracy of the measurement only
allows for limited interpretation. As was stated in
Sec. IV, it is felt that the greatest error is in-
volved in the determination of the photon flux inci-
dent on the samples. It is estimated that from one
sample to the next, as well as during the course
of one measurement, the relative illumination in-
tensity can be determined to better than + 5%,
however, the absolute magnitude of the photon flux
can only be determined to within perhaps +15%.
This presents no real problem for samples whose
surface-recombination rate is large; from Eqgs.
(19) and (21) it can be seen that for S;> (@Tpgy)™’
the PEM voltage varies inversely with S; and a
15% error in the former results in the same error
in the deduced recombination velocity. However,
if S, < (aTpgy)™' the dependence of the PEM signal
on S, is reduced. It can be seen in Fig. 5 that for
S,32x 10% m/sec the theoretical curves are closely
spaced. At room temperature a 159 error in Eo¢
results in a resolution limit or uncertainty on S,
of ~60.0 m/sec. At lower temperatures where
Tpey 1S larger, this same error results in a res-

olution of $20.0 m/sec. This resolution limit

for the present experiment is shown by the dashed
line in Fig. 6. It was also taken into account in
drawing the curves (a) and (b) in this figure which
are averages and do not reflect the scatter in the
deduced S values below 10> m/sec. It should be
appreciated that although there is a relatively
large uncertainty in the magnitude of S, as deter-
mined by this technique when S, < (@Tpg,)™ the varia-
tion of S, with temperature can be accepted with
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FIG. 6. Variation of the surface-recombination veloc-
ity of n-type InSb with temperature as determined from
the PEM data in Fig. 5. Curve (a) is for a surface pre-
pared by swilling in bromine in methanol. Curve (b) is
for a sample prepared by swabbing the surface with
bromine in methanol, and curve (c) is for a surface pol-
ished with 0.3-um particle size alumina. The dashed
line shows the resolution limit on S set by an estimated
15% experimental error in measuring the PEM signal
and the short dashed line represents a linear extrapola-
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polished sample. Previously published values of S are
shown by the full circles together with a reference
number and the preparative technique employed. Al-
though unreported in the original paper, the samples of
Ref. 53 were prepared by mechanical polishing. If the
reported value of S was given only as a maximum or min-
imum value this is indicated by an arrow.
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some confidence. It is conservatively estimated
that during one temperature run (which takes ~2 h)
the experimental conditions change by less than

5% and in consequence it is felt that the peak in S
shown by curve (a) in Fig. 6 can be accepted as
real. In addition to the present data, Fig. 6 also
includes all previously published values of S for InSb
of which this author is aware. 1**#% Although the
spread is wide, it is to be noted that all previously
reported values lie within the limits set by the
present results for a polished surface [curve (c)]
and a chemically etched surface [curve (a)]. Ofthis
previously available data, that of Davis® is most
interesting. Davis reported a marked reduction in
surface-recombination velocity following plasma
treatment of an InSb sample in a dried-N, environ-
ment. This technique was tried in the present
study using a spark-plug-generated discharge in
the Dewar in which the samples were mounted. Al-
though no extensive investigation of this technique
was made owing to its limited practicability, in no
case could the recombination rate be reduced below
the best achievable with the bromine in methanol
etching technique. Worse, however, was the fact
that if the discharge was initiated after the sample
was cooled to ~ 80 °K the results became very un-
stable changiag markedly and irreproducibly with
time at the lowest temperatures. This problem
seemed not to occur if the discharge was generated
prior to cooling the sample. The results obtained
in this case are shown by curve (d) in Fig. 5. Al-
though the present attempt using this technique
does not fully support the results reported by Davis,
it is felt that this may result from differences in
experimental procedure. Davis did not report ex-
tensively on the technique and in the present case,
no effort was taken to clean the Dewar to prevent
sputtering of impurities onto the sample from the
walls of the enclosure. If performed in a quartz
Dewar, for example, this process might produce
results equal to or better than those achieved by a
bromine in methanol etch.

It should be added that although a very low value
of S could be achieved by polishing in the present
case, the results at low temperature where the
samples are extrinsic did change slightly with sub-
sequent cycles of heating and cooling. The general
tendency observed was that S increased slightly for
T 5160 °K each time the sample was warmed to
room temperature and then recooled. Above a
temperature of 160 °K no changes were observed
and after two or three temperature cycles the low-
temperature behavior also became stable with a
value of S lying somewhere between that obtained
on a freshly prepared surface [curve (a) in Figs.

5 and 6] and a “swabbed” surface [curve (b)].
Changes similar to this have been observed pre-
viously in n-type material at low temperature, 3%

|

B. PEM Results on Anodized Samples

The surface potential of InSb when in contact
with its anodic oxide may be readily changed by
exposing the semiconductor to radiation of energy
greater than ~1.5 eV. By combining radiative
exposure with a subsequent thermal treatment,
the surface may be “cycled” from flat band
through inversion and back to flat band (for n-type
material and vice versa for p-type) in much the
same way as the gaseous cycle studied by Brattain
and Bardeen® applied to Ge. This phenomenon,
which has been explained in terms of an optically

activated transfer of electrons from the surface of
the InSb into traps in the anodic oxide, has been

studied by a number of workers. Most recently
Lile® has presented data on the photovoltage gener-
ated at the anodized surface of InSb from which
were deduced values of surface-recombination
velocity as large as 5X10% m/sec at 80 °K. These
results were, however, based on a number of
rather debatable assumptions as well as an in-
volved theory. The present study was initially
undertaken in an attempt to verify this previous
data on S using the hopefully far less ambiguous
PEM response.

Figure 7 shows the open circuit PEM field gen-
erated in a sample of InSb which had, following
polishing in bromine in methanol, been anodized
to 20 V in a 0. 1N aqueous solution of KOH (produc-
ing ~600 A of oxide®®). The window of the Dewar
was initially covered with a filter which excluded
light of energy 21.0 eV. The sample was then
cooled and the PEM response measured. At ~80 °K
the window was removed and the room lights were
turned on. Sufficient radiation of energy >1.5 eV
could then reach the sample to cause the PEM sig-
nal to go through zero to a value of the opposite
sign as shown in Fig. 7. This was allowed to con-
tinue (typically ~10 min) until no further change
was observed. The room lights were then turned
off and the filter replaced. The PEM response was
then measured as the sample was warmed to room
temperature.

Because neither the reflectance nor absorptance
of the anodic oxide is known it was not possible to
determine the intensity of illumination reaching
the InSb. It was felt, however, that at the higher
temperatures the response of the anodized sur-
face should not be markedly different to that of the
free polished surface and so the data shown in Fig.
7 represent the result of a fit of curve (b) to the
theoretical curve (a) for S;=0. The data following
low-temperature exposure of the sample to room
light were adjusted by the same amount. The fit,
which corresponds to an additional loss of ~46%
of the light over that which would be reflected at
a free InSb surface, is felt to be justified by the
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FIG. 7. Variation of the open circuit PEM field with
temperature for an anodized sample of InSb. Curve (a)
is the theoretical variation calculated using Eq. (17) with
S1=S;=0. The full circles are data points measured on
the unexposed sample and the open circles and block
points are those measured following exposure of the sur-
face to room light. The full curve (b) and the full and
dashed curves (c) are theoretical, calculated using Eq.
(17) with the values of Sy shown in Fig. 8. Both the block
data points [curve (d)] and the theoretical curve (c) below
118 °K correspond to the negative PEM effect. Data,
taken in a magnetic field of 0.136 Wh/m?, have been nor-

malized to an illumination intensity of 1 W/m? at 1. 65 um.

resulting good agreement of experiment withtheory
over the studied temperature range above 180 °K.
By comparing these results with theory, it is
possible to determine S, for the anodized surface
both before and after exposure to room light. This
was done graphically in the same manner as for
the unanodized samples (Fig. 5), and the results
are shown in Fig. 8. It can be seen that whereas
the results before exposure are essentially identi-
cal (subject to the validity of the fitting involved)
with those onthe unanodized surface (Fig. 6), after
exposure the effective recombination rate rises
dramatically with decreasing temperature. The
lines (b) and (c) in Fig. 7 represent a plot of Eq.
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(17) with the values of S; given in Fig. 8. It is to
be noted that whereas an excellent fit can be
achieved with the data for the normal sign of the
PEM response it is not possible to precisely fit
the negative PEM data. The experimentally mea-
sured negative PEM response following room light
exposure at 80 °K exceeds the theoretical limit
given by Eq. (27). Although this cannot be ac-
counted for at this time it may be due to the in-
adequacy of the theory in not including the effects
of the drift term in the diffusion equation [assump-
tion (iii)]. In the presence of large surface-space-
charge fields, as are present in the anodized InSb
system following exposure to room light, °° this
assumption may no longer be valid. 5657

In the light of this limitation it was felt to be un-
realistic to postulate values for S in this negative
PEM region. However, from Eq. (26) and as is
shown in Fig. 8, it would seem that S; at low tem-
perature exceeds a value of ~ 5xX10° m/sec as is
required for the observation of a negative PEM
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mental data shown in Fig. 7 with the theoretically ex-
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negative PEM effect. The solid curve (a) is theoretical
with S;=85.0 m/sec at 300 °K and the solid curve (b) is
calculated at 88 °K with §;=1.35 x10% m/sec. The dashed
curve (c) is also calculated with these latter values but

in this case S; was assumed to vary with B as (1+ 4 B9)™1/2,

response. This value is within one order of mag-
nitude of that previously determined® from photo-
voltage measurements.

Figure 9 shows the magnetic field dependence
of the PEM field for the anodized sample at room
temperature and at 88 °K both before and after
exposure to the high-energy illumination. The
lines (a)-(c) are plots of Eq. (17) with appropriate
values of S; . Thetheoretical curve at room tem-
perature [curve (a)], calculated with S; =85 m/sec,
can be seen to be in excellent agreement with the
experimental data, exhibiting a super linear de-
pendence on B in agreement with the results of
Kurnick and Zitter!® on p-type samples (Both the
present n-type material and their p- type is, of
course, intrinsic at 300 °K.) The solid curve (b)
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calculated for T =88 °K and S;=1.35%10° m/sec
(from Fig. 8) does not fit the experimental data

at the higher magnetic fields. If, however, a mag-
netic field dependence of recombination velocity

as proposed by Kurnick and Zitter!® is adopted,
i.e., that S=S(B=0)/(1+u2B?!/2 then the theory,
with S(B=0)=1.35%10% m/sec, gives the dashed
curve (c). Although this dependence can only at
this time be postulated, it is felt that the resulting
good fit with experiment is significant.

The behavior of the PEM response after room
light exposure can be seen to agree qualitatively
with the general discussion given earlier, namely,
that a sample exhibiting a negative PEM response
at low magnetic fields will revert to a normal re-
sponse for large B. The point at which E ¢ is zero
uniquely defines the corresponding value of S,
through Eq. (26). In the present case this gives
a value of §;=3.5%10° m/sec. This value how-
ever, does not give a good quantitative fit of the
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FIG. 10. Open circuit PEM field in a 3. 5-um-thick
sample of n-type InSb in a magnetic field of 0.136 Wb/m?
and an illumination intensity of 1 W/m2 at 1.65 um. The
open data points are for a bromine in methanol prepared
surface and the full circles are for a surface prepared
by polishing with No. 2 alumina abrasive. Curve (a) is
calculated with values of S; as shown by curve (b) in Fig.
6 and curve (b) used the values of S; given by curve (c)
in the same figure. The full circles and curve (b) corre-
spond to the negative PEM effect.
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theory with the data at other values of B. It is felt
that this deficiency of the theory is coupled with
the inability of the theory to effectively predict

the magnitude of the negative PEM response at

low temperature as shown in Fig. 7. To demon-
strate, however, that although quantitative agree-
ment be lacking that nevertheless qualitative agree-
ment exists the dotted curve (d) in Fig. 9 is a plot
of Eq. (17), with S;=4.0x10° m/sec and multiplied
by a fitting factor to give best agreement at large
B.

As a final demonstration of the marked contribu-
tion that surface recombination may make to the
PEM effect a thin film sample of n-type InSb was
prepared first with a surface polished in bromine
in methanol and then with a surface polished with
the No. 2 alumina abrasive. The film, which was
prepared by the technique of zone crystallization,3®
had a thickness of ~3.5 um. From Fig. 2itis
evident that such a thin layer should readily exhibit
a negative PEM response at relatively low values
of S. The results of this measurement are shown
in Fig. 10. It can be seen that the polarity of the
two signals (after chemical and mechanical polish-
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ing) is indeed opposite and furthermore that the
magnitude is almost the same in each case. The
curves are theory, once again using Eq. (17) with
values of carrier concentration and mobility as
determined by Hall measurements. Both these
parameters were found to be relatively tempera-
ture independent with typical values of ~10'® cm™®
and 7x 10° cm?/V sec, respectively. The theoreti-
cal curves arebased on values for S, taken from
Fig. 6 [curves (b) and (c)] and on the bulk values
for carrier lifetimes. Further, the recombination
rate on the rear surface of the film in contact with
the glass substrate is assumed to be given by curve
(b) in Fig. 6. Finally the hole mobility was as-
sumed to bear the same ratio to the electron mo-
bility as do holes in pure bulk material. Although
these assumptions may be questioned, no obvious
alternatives would seem to be available.

It is felt that even with these reservations, the
agreement between theory and experiment in this
extreme case is acceptable, lending support not
only to the values of S determined on bulk ma-
terial and shown in Fig. 6 but also to the general
validity of the theory presented earlier.
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