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The optical-absorption coefficient a(w) of GaAs “NIPI” crystals [a new type of semi-
conductor superlattice consisting of n- and p-doped layers, possibly separated by intrinsic
(i) regions, in an otherwise homogeneous bulk] is measured at photon energies below the
forbidden gap of the unmodulated material. We use the extremely strong
photoconductive response of these NIPI crystals as a very sensitive method for the
detection of very weak absorption signals in the tail far below the gap of bulk GaAs.
Another peculiarity of NIPI crystals expected from theory is the tunability of a(w) by
variation of the energy gap, which is no longer a constant quantity for these systems.
The experimental results on molecular-beam-epitaxy-grown GaAs NIPI crystals reported
in this paper show that both the frequency dependence and the dependence on modulation
of the band gap are in excellent agreement with theory.

INTRODUCTION

Semiconductor superlattices with a periodic vari-
ation of alloy composition on a scale of a few
10—10% A with GaAs and Al,Ga,_,As and, more
recently, InAs and GaSb as the constituents, have
been the subject of intense experimental and
theoretical studies.”> In contrast to these “compo-
sitional superlattices” another class of semiconduc-
tor superlattices, consisting of a homogeneous bulk
material only modulated by periodic n and p dop-
ing, had not been investigated experimentally until
recently,>* although many intriguing electronic
and optical properties had been predicted quite
some time ago for these np-doping superlattices
(also called “NIPI” crystals’~’). The most striking
features of np-doping superstructures with respect
to the present investigation are the following:

(1) They have an “indirect gap in real space”
since the lowest conduction-band states are shifted
by half a superlattice spacing with respect to the
uppermost valence-band states.

(2) Electron-hole recombination lifetimes may
exceed the corresponding values of unmodulated
bulk material by many orders of magnitude be-
cause of a small spatial overlap of electron and
hole states. This feature allows large deviations of
electron and hole concentration from equilibrium
values even at extremely low excitation intensities.

(3) The varying space charge associated with a
variable electron and hole concentration induces
strong changes of the effective energy gap Eéqm,
which is always smaller than the gap of the un-
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modulated semiconductor material Eg .

The optical absorption a(w) at photon energies
#iw slightly above the effective energy gap EgNIPI is
expected to be extremely low because of the small
overlap between the conduction- and valence-band
states involved in this process. With increasing
photon energy, a(w) increases exponentially and fi-
nally becomes comparable with typical bulk values
at ﬁwZEg. The behavior of a(w) for photon ener-
gies iw <Eé) is of particular interest since a(w) is
no longer a constant quantity for NIPI crystals.
alw) varies over a wide range if the energy gap is
modulated by changing the carrier concentration.

Measurements of extremely weak absorption
coefficients are possible in NIPI crystals by an
analysis of the strong photoconductive response.
Owing to the very long recombination lifetime the
concentration of photogenerated electrons and
holes increases with the absorbed dose.® The pho-
toresponse saturates only when the electron-hole
generation rate becomes comparable with the (very
low) recombination rate. Thus, the time depen-
dence of the photoconductivity is directly related
to a(w), and a(w) may be determined from photo-
conductivity versus time measurements.

In the first section of this paper we will briefly
discuss the electronic structure of a doping super-
lattice for the quasicontinuum limit corresponding
to rather large superlattice periods, as investigated
experimentally in the present study. Then we will
derive the expressions for the absorption coefficient
alw) as well as for the photoconductive response.

In Sec. II the sample preparation by molecular-
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beam epitaxy and the experimental procedure of
absorption measurements will be described. The
experimental results will then be compared with
the theoretical predictions from the first section.
In our concluding remarks we will stress some
related projects and we will also discuss implica-
tions for future applications.

I. THEORY

A. Electronic structure of a doping
superlattice with long period

We consider the case of a periodic structure
composed of homogeneously doped » and p layers
of thickness d, and d, and donor concentrations
np and acceptor concentrations n,, respectively,
with intrinsic layers of thickness d; in between (see
Fig. 1).

The following approximations are made for the
calculation of the periodic space-charge potential
in the crystal:

(1) Any subband effects resulting from the
quantization of the motion in the direction of
periodicity may be neglected, if the layers are suffi-
ciently thick.

(2) Instead of calculating the space-charge distri-
bution self-consistently’ we assume that the impur-
ity space charge is exactly neutralized in the cen-
tral regions of width d and d,f) in the respective
layers by free carriers, whereas the impurity space
charge is uncompensated in the remaining fractions
of the doping layers of width

2d;} =d, —d? (1
and

2d, =d,—d, , (2)
respectively.

The (two-dimensional) density of electrons per n
layer and of holes per p layer is

nP=npd? 3
and

pm:n,,dI? R (4)
respectively. The condition of macroscopic neu-

trality requires that
|
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FIG. 1. Schematic diagram of (a) doping profile, (b)

space-charge distribution, and (c) band profiles in
periodic NIPI doping structures at given layer
thicknesses d,, dp, and d; and doping concentrations #p,
n4, and n; =0 in the n and p doped and intrinsic layers,
respectively. Quantum effects are neglected. The effec-
tive energy gap EgNIPI is reduced by the amount of 2AV
compared to the unmodulated bulk value Eg due to the
periodic space-charge potential. The difference between
electron and hole quasi-Fermi-levels A¢,, corresponds
approximately to E;"P' as long as there are neutral re-
gions of finite width d and d,? in the doping layers.

YlDd: =nAdp_ , (5)
which yields a relation between n‘? and p?:
n(2)=p(2)+nbdn__nAdp . (6)

The periodic space-charge potential v (z) for
—d/2<z <d/2 is then
(1) constant in the neutral part of the doping
layers, i.e.,
0 for |z | <d®/2 @

Y@=V for (@—d9/2< |z| <d/2,  ®

(2) parabolic in the ionized impurity regions, i.e.,

(2menp /e |z | —d2/2)* fordY/2< |z | <dy/2 9)

v(z)L =

2AV —(2meny /e) |z | —(d —d0)/2* for (d —d,)/2< |z | <(d —dp)/2, (10)
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(3) linearly increasing in the intrinsic layers (if present at all), i.e.,
v(z)=(4me’npd, )Nd,} /2+ |z | —d,/2)/€ ford,/2< |z | <(d—d,)/2. (1

€ is the static dielectric constant of the semiconductor. The amplitude AV of the space-charge potential is

given by

20V =v(d /2)—v(0)=(4me*/e)[np(d,} ) +n4(d,y ) /2+npdd;] . (12)

The potential v(z) is modulating the conduction
and the valence bands (see Fig. 1). For the band
edges one has

€(2)=E,+v(2) (13)
and

€(z)=E,+v(z), (14)
with

E.=E,+E; . (15)

Therefore, the effective energy gap EgNIPI of the
doping superlattice, i.e., the energy difference be-
tween the lowest electron states in conduction
bands and the uppermost hole states in valence
bands, is smaller by 2A¥V compared with the un-
modulated bulk value Eg0 :
EN™=€,(z=0)—¢,(z=d /2)=EJ—2AV .
(16)
The position of the Fermi level for the electrons
relative to the conduction-band edge in the flat
portions of the periodic potential is given by the
corresponding bulk value for doping concentration
np and the temperature T within our approxima-

tions:
€.(z =O)—¢,,=(Ec~¢),,D;T . (17)

A corresponding expression applies for the hole
Fermi level ¢,:

$p—€,(z=d/2)=($—E))y ;T - (18)

Although the condition for thermal equilibrium re-
quires ¢, =¢,, a nonequilibrium situation with
é,7¢, may be quasistable. If, for instance, the
system is in a state with ¢, <¢,, as shown in Fig.
1, it can return to equilibrium only by electron-
hole recombination, either by thermal activation
over the potential barrier or by tunneling through
it. Both processes, however, have extremely small |

(S

n
14 14—

Hp d
Aoy =V —(2AV) X e ld
Ry

i
1 n
+ 4,

|

probabilities if the heights (~2A¥) and the width
of the barrier (see shaded area in Fig. 1) are suffi-
ciently large. The expressions (1)—(6) and
(12)—(16) relate the carrier concentrations ‘% and
@ to the effective gap E;“P 'and, by (17) and (18)
with the quasi-Fermi-level difference,

A¢np=¢n'"¢p . (19)

Later on the values of #n'? and p‘® as a function
of Ag,, will be needed. For these quantities one
obtains

Vi —Ad 172
(2) (2) bi np
= — 1 —_— —_—
n npd, —ng + (A1), 1
(20)
and
1/2
Vi — A
(2)_ B I PR e . 2 _
14 nAdp no + (ZAV)O l 1 5
21
with
n82)=[nAnD/(nA +nD)]d,- , (22)
(2AV)o=(2me*/emPd; , (23)
and
Voi=Eg—(E,—¢), —(¢—E,), . (24)

As the carrier concentrations may never become
negative, a minimum value of the quasi-Fermi-
level difference A¢},}1‘, can be calculated from the
threshold condition that the “minority layer” is to-
tally depleted. The expressions (20) and (21) yield
Vy— A }1}1‘: 1/2——1

H—Gan),

ng

:mm{ nDd,,,nAdp } s (25)

whence!©

2
—”1 _11, npd, >nsd, (26)

2
“*“] —IJ s nan <nAdp . (27)
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It should be noted that the condition of macro-
scopic charge neutrality also requires that the car-
rier concentration in the “majority layers” may not
be reduced below its value at Ady, i.e.,

ni,fi)n=npdn—n,,dp if npd, >n,d, (28)

or

pgi)n=nAdp—nan if nAdp >nan . (29)
The value of A¢L’,‘, may be positive or negative,
depending on the design parameters np, ny, d,, dp,
and d;. Because of A¢,, zE;‘HPI, negative values
of A¢:;’, imply the possibility of having negative ef-
fective gaps. If A(/)},}_,‘, >0 the minority layers will
be depleted in the ground state of the system. If,
however, Aq&ﬁ,}l‘, <0 there will be a finite carrier con-
centration in both types of layers at thermal equili-
brium, which is obtained from (20) and (21) with
Ady, =0.

B. Theory of optical absorption in
NIPI crystals—continuum limit

Optical absorption in a NIPI crystal, in princi-
ple, is possible once the photon energy #iw exceeds
the effective energy gap E;"PI (or, more accurately,
for the case of finite n'? and p'?), if #iw > Ag,,).
In practice, however, the interband matrix elements
for transitions between the uppermost valence and
the lowest conduction subbands are extremely
small for the case of large superlattice period and
moderate doping concentration, as used in the ex-
periments described below. The matrix elements,
however, increase exponentially as #iw approaches
the gap of the unmodulated bulk Eg . Consequent-
ly, an exponential increase of the absorption coeffi-
cient with #iw is expected and values comparable
with the unmodulated bulk are expected in the
photon-energy range above Ego.

It is also clear from the very beginning that the
absorption coefficient of a NIPI crystal as a func-
tion of photon energy aN"(w) will be a function
of the effective energy gap E;"P Tand, therefore, of
the quasi-Fermi-level difference Ag,,, since the
optical matrix elements will be strongly influenced
by variations of the periodic space-charge poten-
tial. A detailed theoretical study of aN"Y(w;Ad,, ),
in which oscillations due to the discrete subband
structure will be considered, is deferred to another
publication.!! Quantum oscillations are not expect-
ed to be observable in the structures, which are the
subject of the present investigation because of too

large superlattice periods. For our problem a con-
tinuum approach will represent a sufficiently good
approximation as the spatial variation of the inter-
nal fields,

dv

eF;(z)= oz

’ (30)

z

is rather slow and the envelope wave functions of
the true subbands do not differ significantly from
the Airy functions obtained for homogeneous fields
near the band edges (see Fig. 2).

The absorption coefficient of a NIPI crystal
aNIPI(w;AqS,,p) in this continuum approximation is
given by the bulk value a®(w;F;) averaged over the
internal local-field distribution. Thus, one has

d
NP ;A ) md ! fo dz a®w;F,(z)) . (31)

The shape of F;(z) follows directly from the ex-
pressions (7)—(11) for v(z) by differentiation. For
the case of constant doping in the n and p layers,
F;(z) increases and decreases linearly from zero to
its maximum value in the ionized impurity regions,
whence one obtains

0 a2 2

FIG. 2. Tllustration of the continuum approach used
for calculating the absorption coefficient in NIPI cry-
stals with large period. The errors introduced by the
approximation contained in the expressions (31) and (32)
are negligible if the gradient of the space-charge poten-
tial remains roughly constant (indicated by dashed-
straight lines) in the overlap region of valence- and
conduction-band states differing in energy by #w. For
the design parameters of the investigated samples the
decay in z direction beyond the classical turning point
and the oscillation period of the Airy functions at posi-
tive kinetic energies is much shorter than depicted in the
figure.
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" w;A,, ) ~d ! d,?ozﬁ(co)—Fdj,?alli(co)+2d,-ab(w;F,-,max)—l—2(d,fr +d, F pax fo

The subscript on the right-hand side of (32) should
be a reminder that for the quantities dy, dl?, d;
d, , and F ., their respective values at Ad,,
should be taken. a’(w) and az(w) are the absorp-
tion coefficients of an unmodulated n- and p-type
bulk material of the corresponding doping strength
at zero electric field.

The finite absorption for #iw <E£ in a bulk
under the influence of a homogeneous electric field
is due to the Franz-Keldysh effect.'> For our cal-
culation of a®(w;F) we use the analytical expres-
sion as obtained for the effective-mass approxima-
tion,'* assuming isotropic bands.

The imaginary part of the dielectric function at
an electric field F is then given by

&lw;F)=C Eu?/z(ﬁﬂ,-)l/z
i

X fow dx x1?Ai(x +x0,), (33)

where
#Q,; =223 [(#/2)(e*F* /u;)]'? (34)
is a characteristic energy for the electric field,
xo,i=(EJ—#w)/#Q; (35)
and
—1_ -1 -1
i =me +my; (36)

is the reduced effective mass for transitions from
the ith valence band into the conduction band.

For photon energies #iw below and close to the fun-
damental gap Ego, it is sufficient to sum over
heavy- and light-hole contributions only and to
neglect the spin split-off band. In the effective-
mass approximation €,(w;F) from (33) is related to
the corresponding result for the field-free case in a
simple way:

&(0;0)=C 3, u}"*(fio— E)'*O(#io—Ey) ,
i

(37)

with
0 for #w <Eg

1 for #iw <EJ (38)

O(fiw—Eg)=

and with the same constant C as in (33).
6;(w;F) increases exponentially for #io below Eg

i,max

dFab(a);F) A, -

(32)

|and oscillates around €,(w;0) above Eg (Ref. 13)
with a period of the order of #Q;, which is related
to oscillations of the overlap between the con-
duction- and valence-band envelope functions as a
function of 7w (see Fig. 2). At higher photon en-
ergies €,(w;F) approaches €,(w;0). The absorption
coefficient is obtained by multiplication of €, by
w/nc,

alw)=(w/nc)ew) , (39

where n is the refraction index and ¢ the velocity
of light.

The integral in (32) may be evaluated numerical-
ly. The oscillations of a®(w;F)/a’(w;0) disappear
in this contribution to aNIPI(a);Aqb,,p) by the field-
averaging procedure. Therefore,
aNIPI(w;Agb,,p )/a®(@;0) will exhibit no oscillations
at all if there are no intrinsic layers in the crystal.
On the other hand, the oscillations will be most
pronounced in a NIPI crystal with thin, strongly
doped layers separated by relatively thick intrinsic
layers, as the contribution (2d;/d )a"(co;F,-,max) will
represent the dominant contribution to
aNPw;Ad,,).

In order to demonstrate the dependence of
aNIPI(w;Aq&,,p) on the doping profile, the results of
a numerical evaluation of (32) for the above-
mentioned extreme cases are shown in Figs. 3 and

T T T T

1041 ONP! (W, Agnp)

-1

(em™)

Ay, teV)

<)
N

, di=75 nm>(dp;dp)
107°r0' 0.375 0.75 1.125 (Npdn, Nadp)> 5x102 e 2]

1 | 1

-300 -200 -100 0 100 200
hw - Eg (meV)

FIG. 3. Example 1: Calculated absorption coefficient
of a NIPI crystal with dopants confined to very thin n
and p layers separated by relatively thick intrinsic re-
gions for various values of quasi-Fermi-level difference
A¢,p. Internal space-charge field at A¢,, =0 is 2 10°
Vem~!. (The dashed line indicates the absorption coef-
ficient in pure homogeneous GaAs bulk material.)

absorption coefficient
~J
w
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4, respectively.'* In both cases the maximum field
at A¢,, =0 is the same, F; 5 =2X 10°Vem~™L It
is obvious that the crystal with (d,;d,) <<d;
differs from the pure np-doping system by a more
pronounced tunability.

C. Measurement of a™"*(w;Ad,,)
by photoconductive response

The absorption coefficient aNIPI(a);Aanp) may be
determined in the conventional way from the at-
tenuation of the transmitted light as a function of
o for various values of A¢,,. The variation of
Ad,, can be achieved by an external potential eU,,
applied via selective electrodes to the » and p
layers, respectively.>*®7 In this case electrons and
holes are injected into or extracted from the NIPI
crystal until the carrier concentrations n‘® and p‘®
correspond to a quasi-Fermi-level difference
Ad,, =eU,, according to (20) and (21).

Another possibility of modulating Aé,,, is by ab-
sorption induced changes of n? and p.%7 The
electrons and holes generated by the absorption
process are relaxing very fast down to the lower
conduction or up to the upper valence-band edge,
respectively. The recombination lifetime of the re-
laxed carriers, however, is very long because of
small overlap between the respective electron and
hole wave functions. The change of electron and

hole concentration per layer with time n?=p? is

T T T T

L aNIP! {w; Agpnp)

3
~

-

3
S}

rApnpleV)

—
T

-075 dn=dp =210 nm
na = Np = 2X10'7 cm37]
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N
%
o
=Y
O
N
.
3

|
-300 -200 -100 0 100 200
hw - Eg (meV)

FIG. 4. Example 2: Calculated absorption coefficient
of a NIPI crystal with uniformly doped n and p layers
without intrinsic regions in between for various values
of quasi-Fermi-level difference A¢,,. Maximum space-
charge field at Ad,, =0 is 2X10° Vcm ™), as in example
1. (The dashed line indicates the absorption coefficient
in pure homogeneous GaAs bulk material.)

absorption coefficient (cni!)

given as the difference between the rate of
electron-hole pairs generated by the absorption of
(I, /#iw)a(w;Ad,, )d photons per layer (I, is the
light intensity in the sample) and the rate of
electron-hole recombination

7P =pP=(I, /fiw)a(w;Ad,,)d —R (Ad,,) .
(40)

The recombination rate R (Ad,,) is also a function
of Ad,,. It increases with Ag,, because of increas-
ing overlap between relaxed electron and hole
states. This increase of recombination rate is in
contrast to the behavior of a(w <E;) /#i;Ad,,). The
absorption coefficient decreases since the overlap
between valence- and conduction-band states differ-
ing in energy by #iw <Eg decreases when the
periodic potential becomes flatter due to increasing
Ad,, (see Fig. 2).

The differential equation (40), together with the
relations (20) and (21) between the carrier concen-
trations n?, p‘¥, and the Fermi-level difference
Ad,,, describes the modulation of Ag,, by light.
The modulation of Aé,, by light, however, does
not only represent another possibility of varying
the absorption coefficient. It also provides the
basis for a very sensitive method for measurements
of extremely low absorption coefficients in thin
samples, or for the detection of low-intensity radia-
tion. This will be described in the following.

Inspection of (40) tells us that the variation of
carrier concentration with time is significantly in-
fluenced by the absorption of light as long as the
recombination rate R (Ag,,) does not strongly
exceed the rate of carrier generation by absorption
of photons. The lifetime of excess carriers in NIPI
crystals, however, is increased by many orders of
magnitude as compared to an unmodulated bulk
semiconductor (typically 7' >> 1 sec, if Ad,, is
not too large). Consequently, a photoresponse on
the carrier concentration may still be detectable in
a NIPI crystal, even if the photon absorption rate
is reduced by many orders of magnitude compared
with a bulk semiconductor. The light-induced
changes of the carrier concentration may be meas-
ured as a variation of the photovoltage
eU,, =Ad,,. This, however, is not the most ap-
propriate and sensitive method in the case of
small-absorption signals. If, instead of the photo-
voltage, the photoconductive response associated
with the change of carrier concentration is used for
the detection of the absorbed photons, no sensitive
high-impedance voltage measurement has to be
performed, but only changes of conductivity in the
range of values typical for moderately to highly
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doped semiconductors are to be measured. The
photoconductive response of a NIPI crystal may be
detected either as an increase of the electron con-
ductivity aﬁ,%,’(A¢,,,,) in the n layers or as an in-
crease of the hole conductivity 01(,12,)(A¢,,p) in the p
layers. These two conductivities and their varia-
tion can be measured independently with appropri-
ate selective electrodes to the respective type of
layers.* For samples with the design as investigat-
ed in the present study it is a good approximation
to assume

0'51%:}( A¢np )=eu,n @ A¢np )
and

T (Ady, ) =ep,pP(Dd,,)

with constant values of the electron and hole mo-
bilities u, and u,. This assumption is justified by
the fact that n‘>’ and p® may be considered as the
carrier concentration in a bulk semiconductor layer
of thickness d°, or d;,) and with doping concentra-
tion np or ny, respectively.

In Refs. 4 and 16 it is shown that (41) and (42)
are indeed valid for the samples investigated in the
present study. Moreover, it was verified that
n(Z)(AdJ,,p) and p(Z)(AqS,,p) as determined from ex-
periment agrees with the calculated carrier-
concentration versus Fermi-level difference relation
according to (20) and (21).

Under these circumstances it is particularly easy
to determine a(w;Ad,,) from an observation of
Oun(t) OF 0,,(2) at a given light intensity and fre-

(41)

(42)

|

nP=p? =TI /tiw){ 1 —exp[ —a""* w;Ad,,)L,] }d /L, —R (Ad,,) .

II. EXPERIMENTAL
A. Sample preparation

The periodic doping structures in GaAs were
grown by molecular-beam epitaxy in an UHYV sys-
tem of the vertical evaporation type equipped with
a sample exchange load-lock system. The
GaAs(100) semi-insulating substrate was kept at
530°C during growth. Hyperabrupt p-n junctions
were achieved by using Si for #-type and Be for p-
type doping and actuating the mechanical shutters
in front of the dopant effusion cells in an ap-
propriate way.'®!® The doping concentration was
well adjusted by the intensity of the respective
dopant molecular beam. For the present study a
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quency I,. The recombination rate R (Agd,,) may
be determined from the decay of the photoresponse
at I,=0 or it may be eliminated by subtracting the
result obtained at two different values of I,,. After
converting o' (t) or Ug,)(t) into n2(t) or p(¢) the
absorption coefficient a(w;Ad,,) is obtained with
Eq. (40) from the time derivative of these curves at
the ordinates n? or p'?, which corresponds to the
desired value of Ad,, given by (20) and (21).

Two remarks remain to be made.

(1) The analysis provides the exact values of
a(w;Ad,, ) if the intensity incident onto the sam-
ples is known, including the reflection coefficient
and if the quantum efficiency is unity. The latter
assumption is a reasonable one since the relaxation
processes of the photogenerated carriers are very
fast compared with the recombination processes.
There is also experimental evidence for this as-
sumption from luminescence measurements.'> Ra-
diative recombination is only observed between re-
laxed carriers at photon energies 7w ~Ad,, <Eg )
even when the photon energy of the absorbed light
is considerably above the unmodulated gap value
Ej;.

The expression for the absorption term in (40) is
no longer correct when a or the thickness L, of
the crystal become so large that

al, <<1 (43)
is no longer fulfilled. In this case Eq. (40) has to
be replaced by

(40)

[

total of 20 alternating n- and p-doped GaAs layers
corresponding to 10 periods were deposited at a
growth rate of 1 um/h. No intrinsic layers were
interspersed between. The first GaAs layer grown
onto the substrate was always n doped; the final
top layer always p doped. The thicknesses of the
constitutent layers were varied between 150 nm
and 300 nm in different samples.

As an example, the properties of one representa-
tive periodic doping multilayer structure in GaAs
will be discussed in this paper. The n and p layers
of this sample (No. 2282) have the same thickness
of 1.9 10* A. The doping concentration in the n
layers is np=3.0% 10" cm ™3, whereas the concen-
tration in the p layers is lower, ny =19 X 10"

cm™?. The ground-state carrier concentration is
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obtained from the expressions (20) —(24) with
A¢,, =0, yielding n?(0)=2.5x10"2 cm~? and
pP0)=4.2%x10" cm~2,

The as-grown wafers were cleaved into rectangu-
lar pieces of about 0.3—0.4 cm? area. Selective n*
electrodes forming excellent Ohmic contacts to all
n-type layers were achieved by carefully alloying
small Sn balls. Selective p* electrodes for meas-
urements in the p layers were formed by using Sn-
Zn balls. The electrodes produced in this manner
are selective as they form blocking p-n junctions
with respect to the layers of opposite doping.

B. Experimental procedure

The sample was illuminated with monochromat-
ic light obtained from a tungsten-iodine lamp by
means of a Jarrel-Ash %-m monochromator. The
light was transmitted through a glass fiber into the
cryostat onto the sample, held at 4.2 K. The
electrical contacts on the sample were shielded
against light with a mask leaving a central il-
luminated region of 4X 1072 cm?. Typical light
intensities through the mask on the sample were in
the order of 10— 10" photons/seccm?. Neutral-
density filters were used to vary the photon flux.

The conductance G,, (G,,) of the n layers (p
layers) parallel to the layers was determined with
an automatic system connected to a desk-top calcu-
lator. The current between the two contacts was
measured with high precision using a pA meter of
high resolution (current range: 1X10~°—

2% 1072 A) attached to the calculator. The inter-
nal bias of the pA meter allowed us to deduce the
conductance directly. Owing to the very short
response time of the measuring system, the con-
ductance as a function of time was recorded direct-
ly.

Figure 5 shows such a quasicontinuous electron-
conductance versus time diagram G,,(t) of the
doping multilayer sample. The diagram can be
separated into three parts. For ¢ <t; the conduc-
tance is constant and corresponds to the ground
state of the sample (A¢,, =0) without optical exci-
tation. The relatively high conductance of
3.8 102 @~ in the n layers is due to the higher
doping concentration and electron mobility as com-
pared to the p layers. (The corresponding p-layer
conductance is only 2.8 10™° Q1)

At t =¢; the illumination of the sample by the
monochromatic light of photon energy #iw=1.473
eV and intensity I, =6 10'? photons/sec cm? is

GaAs doping multilayer
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FIG. 5. Measured photoconductive response vs time
of the GaAs np- doping multilayer structure used to cal-
culate the absorption coefficient via Egs. (40) and (40').
The photon flux ®=6Xx 10'? photonssec™'cm~2 is
switched on at ¢ =¢; and turned off at ¢ =¢,.

switched on. An increase of the conductance with
time is observed, which reflects the increasing
free-carrier concentration due to electron-hole pair
generation by absorption of photons, as described
in Sec. IC.!7 The slope of G,,(t) decreases con-
tinuously until G,,(¢) becomes practically flat. A
monotonous flattening due to both, decreasing ab-
sorption coefficient aNIPI(w;Aqb,,p) and increasing
recombination rate R (A¢,,) is expected, according
to our discussion in connection with the expression
(40) in Sec. IC. The constant value of increased
conductance is reached when the (decreasing) ab-
sorption rate per layer a™N"Yw;Adi*)(1,, /fiw)d is
balanced by the (increasing) recombination rate
R(A¢y™).

After switching the light off at t =¢, the opti-
cally induced conductance enhancement decays due
to recombination of the excess charge carriers.

The decay of the photoresponse, of course, is not
an exponential one. The decrease slows down very
soon, because of the decreasing recombination rate
R(Ad,,) as Ag,, becomes smaller. After 50 sec
(the maximum time shown in Fig. 5), for example,
the decrease by recombination

{ Gnn(t)/[Gnn(t)_Gnn(tl )] }t=505ec= —0.026 Sec—l
is almost negligible against the corresponding in-
crease by absorption

{ Gun (1) /[ G (£) — Gy (2)] }t=17sec=0'25 sec™ .

Assuming a constant electron mobility, one can
convert G,,(t) and G,,(t) into #‘?(¢) and n'®(r) by

R ) =[G (£) /G (£1) 10 P2 (44)

and

) =[G (1) /G ()10 PA2y) (45)

where n'?)(t,) is the ground-state carrier concentra-
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tion nm(Arﬁ,,p =0)=2.5X10'2 cm 2, given in Sec.
ITA. The dependence between n‘* and Ay, Te-
quired for the determination of a(w;Ad,,), finally,
is obtained from the relation between n? and
Ad,, given by (20).

C. Results and discussion

The quantities n(z)(Agbnp) and R (Ad,,) as de-
duced from the experimental conductance versus
time curves taken during and after illumination at
different photon energies were inserted into Eq.
(40) in order to determine the absorption coeffi-
cient a(w;A¢,,) as a function of frequency and po-
tential difference Ad,,.

For a first comparison between theory and ex-
periment we quote the ground-state absorption
coefficient at Ag,, =0. ﬁ(z)(A(/),,p =0) is deduced
from the initial conductance increase at the time ¢,
when the optical excitation starts. Conductance
values are converted to the corresponding carrier
concentration via Egs. (44) and (45). Recombina-
tion is neglected since it is effectively suppressed at
small Ad,, values by the spatial separation of free
electrons and holes by the space-charge potential
barriers. For photon energies near ﬁszg the ex-
pression (40’) is used instead of (40).

The photon-energy dependence of the ground-
state absorption coefficient &~ w;Ad=0) deter-
mined in this way is shown in Fig. 6 (full squares).
The theoretical curve (full line) is calculated with
the design parameters np, ny, d,, and d, of the
sample, according to Sec. IB. Theory and experi-
mental data fit well as far as the exponential de-
crease of aN"! below Eg is concerned. The nearly
frequency-independent shift of the experimental re-
sults to higher values of the absorption coefficient
is attributed to systematic errors in the determina-
tion of I, which may be in the order of 50%. At
absorption levels below 10> cm ™! even stronger de-
viations from theory occur. This behavior can be
explained by additional absorption processes due to
impurity levels as observed also in bulk material.'®
The impurity related absorption is expected to be
in the order of 10 cm~".

As an example of the modulation of the absorp-
tion coefficient by excitation we have evaluated
aN® I(co;AqS,,p) for a Fermi-level splitting
Ad,, =0.45 eV. The values of G,,(0.45 V) during
optical excitation (¢, <t <t,) and after excitation
(t >1,) were used to deduce n'?(0.45 eV) and
R(0.45 €V) and finally o™ (;0.45 eV) via Egs.

T I T
GaAs doping multilayer
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FIG. 6. Absorption coefficient in the ground state of
a doping superlattice with d, =d, =190 nm,
np=3.0X10"" cm™3, and n, =1.9 10" cm~3. Experi-
mental points obtained from the photoconductive
response. Theoretical curve calculated with the design
parameters, using Eq. (32).

(40) and (40"). The values of """ (;0.45 V) are,
indeed, remarkably smaller as compared to the
corresponding ground-state values at fiw <Eg since
the periodic space-charge potential flattens with in-
creasing Ad,, and so the internal electric fields are
reduced.

In Fig. 7 the measured relative changes of the
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FIG. 7. Relative changes of the absorption coefficient
induced by optically exciting the doping superlattice
with design parameters as in Fig. 4. The excited state
corresponds to a quasi-Fermi-level splitting A¢,, =0.45
eV. Open rectangles indicate experimental results, full
line is calculated.
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absorption coefficient between eU,, =0.45 eV and
eU,, =0 eV are shown (squares). Also shown are
the corresponding calculated changes (full line).
Apparently there is good agreement between ob-
served and theoretically expected tunability of the
absorption coefficient.

The increase of the absorption coefficient at
negative values of A¢,, can be studied in a similar
manner, if a negative external potential
eU,, =A¢,, <0 is applied to the doping super-
structure via selective electrodes as mentioned in
Sec. IC.* In this case G,,(t) is positive in the dark
and under illumination as well. aN'® I(a);Aanp ),
again, can be determined from the difference in
G, (2).

With selective electrodes on the sample it is also
possible to modulate the absorption coefficient
electrically by varying Aé,, via an external bias
U,p, as discussed in Sec. IC. In order to obtain
sufficiently large changes in the transmitted light
intensity, the product of change of absorption coef-
ficient and effective sample thickness

[(INIPI((O; A(f’np,z)—(ZNIPI(w;A(ﬁnp, . )]Deff

may not be too small. Thus, transmission of the
light parallel to the layers or multiple reflection of
the beam is required for investigating the modula-
tion of the absorption coefficient at photon ener-
gies far below Eg.

So far we have deduced the absorption coeffi-
cient from the photoconductive response under the
assumption that the collection probability for the
electron-hole pairs is unity. Therefore, a comparis-
on with a(w;Ad,,) determined from transmission
experiments would provide interesting information
on the validity of this approximation. The results
obtained in the present study indicate that the effi-
ciency is rather close to unity, as the experimental
absorption values are even higher than theoretically
expected.

III. CONCLUDING REMARKS

We have demonstrated that the absorption coef-
ficient of semiconductors with np-doping super-
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structure (“NIPI” superlattice) is a tunable quanti-
ty and exhibits an exponential tail at photon ener-
gies below the gap of the unmodulated semicon-
ductor, as predicted by theory. Both the measured
frequency dependence and its variation upon
modulation of the effective energy gap E;”PI agree
quantitatively with theory.

We plan to extend the measurements to lower
photon energies and to larger variation of the ef-
fective energy gap, including negative changes by
means of selective electrodes for electrons and
holes, respectively. The possibility of varying the
absorption coefficient by external bias applied to
selective electrodes will be used also for a modula-
tion of the transmitted light. This kind of study
allows an independent alternative determination of
the tunability and frequency dependence of the ab-
sorption coefficient. It is, however, also of consid-
erable interest with respect to possible device appli-
cations.

Our theoretical treatment of absorption in NIPI
crystals has been based on a simplified continuum
model. Besides the quantum effects due to two-
dimensional subband formation'® (which, indeed,
are expected to be negligible for the samples with
large superlattice period as investigated in this
work) we have also neglected the effect of devia-
tions from the effective-mass approximation and
the polarization dependence of the absorption coef-
ficient in the case of nonperpendicular incidence.
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