Pseudo-negative photocurrent spectroscopy in GaAs-AlAs superlattices
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Pseudo-negative photocurrent spectra, i.e., the appearance of a minimum in photocurrent at an
absorption maximum, are experimentally studied at different temperatures and excitation intensities
in GaAs-AlAs superlattices on GaAs substrates. Superlattice and substrate are isolated by a thick
AlysGa 7As barrier, but electrically connected through penetrating contacts. A simple model is
proposed for the analysis of the conditions which can lead to pseudo-negative photocurrent in this
sample configuration. The radiative recombination of the carriers in the superlattice was found to be
the main process determining the sign of the photocurrent at an absorption maximufr960
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I. INTRODUCTION allel configuration. The SLs are separated from the substrates
) . ~ by very thick barriers, but connected through the alloyed
Photocurrent spectroscopy is often used in order to ingontacty(cf. Fig. 1). Unlike the situation described in Ref. 8,
vestigate the absorption properties of semiconductor supefne sybstrate is opaque at the SL band edge so that the pho-
lattices (SLs) since it presents fewer technical difficulties tocrent of the substrate cannot be neglected. The total pho-
than optical ab?grptlon measurements. Both pafaffeand  tocyrrent is always the superposition of the two parallel cur-
perpendiculaf - _configurations are used. However, the yants in the SL and the substrate. When the SL is contacted
transport properties of the investigated system can turn out iQeparately from the substrate, the electric field exhibits a per-
be essential under certain conditions. The counterplay ofengicular component since the conducting substrate equal-
generation, recombination, and transport properties of thgeg the potential between the two contact regions. Hence, a
carriers sometimes results in a pseudo-negative or even t“fferpendicular current can occur. If this current is large

negative photocurrent.  Pseudo-negative ~ photocurrent,o gh, the two subsystems can be connected so that PNPC
(PNPQ refers to the occurrence of a minimum in the photo- 4 even occur under this condition.

current at an absorption maximum of the SL. However, the 5 simple model for PNPC in the parallel configuration
photocurrent itself remains positive. Negative photocurrent i$;, pe developed in analogy to the perpendicular tase.
defined as the reduction of the current through illumination..qnirast to the perpendicular case, the total amount of ex-
The occurrence of PNPC in perpendicular configurationgjieq electron-hole pairs in the SL as well as in the substrate
has been observed in a weakly coupled SL, which is embedsy, contribute to the in-plane photocurrent. The excitation
ded in the intrinsic region of @-i-n diode where both the  yeonsity of carriers decreases exponentially as a function of
recombination and the absorption lengths are smaller thag,. gistancer from the surface: i.e.. it depends only on the
the thickness of the intrinsic region. In this sample, only yirection perpendicular to the motion of the carrigrswe
those carriers generated near the electrodes contribute to tfg neglect any possible lateral inhomogeneity of the excit-
photocurrent. Their generation rate, however, can decreasgy |ight within the excitation spot. Since the substrate is
when the absorption Iegégth decreases, i.e., when the absorgsnsidered to be infinitely thick, all photons which are trans-
tion coeff|C|ent.|ncreas : . ) . mitted through the SL are absorbed in the substrate. There-
True negative photocurrent in the parallel configurationgoye o increase of the number of photons absorbed in the
was observed in InGaAs-InP or InGaAs-GaAs SLs 0N ag) |eads to a complementary decrease in the substrate. As
GaAs substrate due to a reduction of the mobility of back+ne transport properties are generally different in both parts

ground carriers via Coulomb scatteriign n-modulation ¢ the sample, a change of absorption in the SL may result in
doped GaAs-AlGaAs quantum well structures, negative phog change of the total current. If the recombination length in

toconductivity can be caused by the interaction with deepye g| s, e.g., shorter than in the substrate, the increase of

donor stat_e§..Furt.hermore, when a sample with an opaquee cyrrent in the SL is smaller than the equivalent decrease
substrate is illuminated and supplied with contacts from they¢ . ;rrent in the substrate resulting in PNC.

substrate side, the removal of photocarriers from the domi- |, aqgition to the photocurrent spectra, the radiative life-
nant substrate-related photocurrent by quantum well transkes have been measured by time-resolved photolumines-

tions can also result in PNPC. cence spectroscopy. As far as we can assume a constant elec-
In this article, a set of GaAs-AlAs SLs on GaAs sub- 5 velocity, these times allow an estimation of the

strates with different coupling between adjacent wells is in-qgnendence of the recombination lengths on temperature and
vestigated experimentally as well as theoretically in the parg,itation intensity in order to verify our model. Further-

more, the samples contain a broader single quantum well
3Electronic mail: lutzs@miphys.physics.Isa.umich.edu (SQW) so that perpendicular carrier transfer into this well
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FIG. 1. Schematic diagram of parallel photocurrent spectroscopy and sample configuration. In most samples the SL contains a single gantum well of different
width.

can effect the in-plane photocurrent spectra as a function of From the generation rate, which depends oand is

the different barrier thicknesses. given by
The outline of the article is as follows. After a detailed a2
presentation of our model in section II, the experimental re-  9(2)=a(\)gee , ®)

sults are describe@ections Il and 1V, respectivelyln sec-
tion V the results are discussed in the frame of our simpl
model.

the total generation rate of carriers in the two subsystems

BsL=0ol s and gsus= 9ol sus With g, being a constant can

be obtained. The total intensity absorbed in the SL is

II. MODEL lg=lo[1-e “stat] ©)
The photocurrent is detected in a spectral region wher@nd in the substrate

the energy of the excited carriers is always below the barrier

height. Hence, the carriers can be assumed to move only in

the direction of the external electric fieldwhereas no cur- wherel, denotes the intensityV, the total thickness of the

rent is flowing in they andz direction. We therefore assume SL, and\ the wavelength of the incident light. Note, that

that all quantities such as current, electric field, and electroboth I, and |g g depend only onag, and Wy, since

as well as hole concentrations depend onlyxorAlthough | g +1gy=1,.

the generation rate can strongly dependzat the transition The system of differential equations is decoupled by the

energies of the SL only the total generation rate of carriers ineduction of all recombination properties to the recombina-

the two subsysteméSL and substrajehave to be known. tion lengthL so that the continuity equation can be solved

Therefore the empirical model of photoelectric propertiesseparately. The total current is then given by

see e.g. Ref. 15, can be written for each subsystem in the

following form. It usually contains Poisson’s equation J(M)=]si.t]sus=0stLsLgsusl sus- tS)

sup=loe stMWs, 7

e In order to determine whether the photocurrent exhibits a
VEnp(X)= 43 Enp(¥) = Z(=n(x) +p(x)), (D maximum or a minimum at a maximum of the absorption,
. n . the second derivatived®j/d\? has to be evaluated for
the transport equatiofcurrent densityj, due to drift and  q4/dyx=0. Using the expressions fod?gg /d\? and

diffusion, E=E,,,+ Eey) d?gsus/d\? we obtain
dn(x) 2 2
()= E(X)+eDy—— 2 d’ —a das
Jn(X) = pnen(x)E(x)+eDy dx @ N2 |da =goWsie™ “stsi(Lg —Lsyp) d)\zL- 9

(for electrong, and the continuity equatiofstationary state B

1 d In this simple picture, the sign of the second derivative of the
———ja(X)=g—r(x) (3)  current at a maximum of the absorption depends only on the
e dx difference between the recombination lengths of the SL and
(for electron. Similar equations are valid for holes. The the substrate. If the recombination length of the top system,
recombination rate(x) is given by i.e., the SL, is smaller than that of the substrates(
F(X) = gn(X)p(X) 7 < Lgyp), @ maximum in absorption can result in a minimum
0 P of the (total) photocurrent. In the case that the recombination
for radiative recombination, where, is a constant and length depends on the carrier concentration, PNPC can also
n(x) andp(x) denote the electron and hole density, respecoccur forLg > Lgg, if the decrease dfg, at an absorption
tively. This coupled systentelectrons and holg¢®f nonlin-  maximum becomes so large that the increasejgf is
ear differential equations can be solved numerically in thissmaller than the corresponding decreasejgjg. For a
simplified form, as well as in the complete form where thestrong reduction of the mobility, e.g., by Coulomb scattering
qguantities depend on all three spatial dimensions. (cf. Ref. 8, true negative photocurrent can be expected.
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TABLE |. Parameters of the superlattices. Samples 1, 2, and 3 contain a

single quantum well of larger width in the center of the superlattice. 0.8
Sample N Lgaadnm) L ajas(nm) E 0.6
1 48 5.35 3.0 I
2 24 5.35 2.0 S 04
3 24 5.35 1.0 S
4 24 5.35 0.5 'DCC_) 0.2

lIl. EXPERIMENTS

Y
o
o

Photocurrent spectra were measured on GaAs-AlAs SLs
embedded by two AlGa, /As barrier layers(d,,, ~ 0.17
um, dpoom = 0.38 um) separated from the semi-insulating
GaAs substrate by a 0,2m buffer layer(cf. Fig. 1). In the
following we will not distinguish between the buffer layer .
and the substrate. The parameters of the SLs are given in [ T
Table I. The contacts consist of In alloyed under formation 1.55 1.60
gas atmospheré20% H,, 80% N,) at a temperature of
450 °C. The contact regions are scratched before In is put on
in order to guarantee that the contacts of both the SL and thlgG. 3. Photocurrent spectra of sampléS3. and substrate were contacted
substrate are of sufficiently high quality. Without scratching,excited by a halogen lamp in the pA regirt& and by a Ti:sapphire laser in
even the SL is contacted only partially. Since in this case thée nAregimeb). For clarity, the spectra at 120 K were multiplied by @5
quality of the contacts is not reproducible, the total curren@hd shifted upwards by 0.6 né) and 70 nA(b). The spectrum at 40 K in
can vary within one order of magnitude. A measurement on éa) was multiplied by 0.17 and shifted downwards by 0.6 nA.
sample where the contact regions were not scratched, i.e.,
only part of the SL was contacted, exhibited only weakfrom a white light source, i.e., a tungsten halogen lamp with
maxima in the photocurremt:f. Flg 2, for the interpretation a monochromato(Jobin Yvon, or a tunable Ti:sapphire la-
of the spectra see section)I\After removing the contacts, ser(Coherent A chopper wheel was able to be placed into
scratching and alloying the contacts again at the same poshe optical axis in order to modulate the light intensity. The
tion, the total photocurrent was about one order of magnitudejrcuit consisted of a voltage sour¢dP), the sample, and a
Iarger than before, i.e., both the SL and the substrate Welgurrent meter. In the dc mode, when the Chopper was re-
now Completely contacted. In this case, PNPC was observqﬁovem the current was measured by a mu|t|métép)
for some temperaturgsf. Fig. 3b)]. This observation con- whereas in the ac mode a lock-in amplifigthaco in con-
firms the aSSUmption that this effect is Strongly Connecte(hection with a pre-amp“fier was emp|0yed_ In the pA region
with the superposition of the parallel currents in the twowe used the halogen |amp in ac detection mode. The photo_
subsystems. current spectra were corrected with respect to the lamp/

The photocurrent spectra were recorded for temperaturgaonochromator spectrum. In the nA region the intensity sta-
between 20 K and 120 K with a step width of 20 K under pjjized Ti:sapphire laser was used in ac detection mode as
different excitation conditions. The sample was mounted inyell as in dc detection mode. The excitation intensity of the
an optical cryostatOxford) where it was illuminated by light  |aser was about two orders of magnitude larger than that of
the lamp.

The time-resolved photoluminescence spectroscopy
setup consisted of a tunable pulsed Ti:sapphire laser Mira
900 (Coherenx which provided light pulses with a length of
150 fs, an optical cryostaOxford), and a streak camera
system in combination with a monochromator and a CCD
camera as detection systdiamamatsyu

o
o

]
o
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IS

o
—

|

i

Energy (eV)

w

IV. RESULTS

A Figures 2—4 show photocurrent spectra of samples 2 and
' '1'85' — '1_70 3 for three different temperaturé40 K, 80 K, and 120 Kin
the ac detection mode. All spectra clearly exhibit the band
Energy (eV) gap transition1.63 eV and 1.615 eV at 120 K for samples 2
and 3, respective)yof the SL between the valence band

FIG. 2. Photocurrent spectra of samplé8ly SL was contactedexcited by . _ :
a Ti:sapphire laser in the nA regime. The spectra at 120 K and 80 K wer round state, the first heavy hole SUbbaHd')' and the first

multiplied by a factor 4 and 2, respectively, and shifted upwards by 2.2 naconduction subban@C1) as well as the transitiofil.66 eV
and 1.3 nA, respectively, for clarity. and 1.64 eV at 120 K for samples 2 and 3, respectjvely

Photocurrent (nA)
N
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increasing energy, while in the PNPC regime the photocur-
rent decreases. However, due to very long time constants of
Energy (eV) the whole systentsample, pre-amplifier and lock-in ampli-
fier) this unusal behavior can sometimes also occur when
it iy o e o ks e BOSiiv photocurtent s dominant
720 Kwere muliplied by 2a) and 15(b) and shifted upwards by 0.5 118 In Table 1l the results of all samples with regard to the
and 80 nA(b) whereas the spectra at 40 K were multiplied by 0d7and ~ €xtrema of the photocurrent at the absorption maxima of the
0.1 (b) and shifted downwards by 0.7 n@). SL are summarized. Two tendencies are clearly identifiable.
Both decreasing temperature and increasing excitation den-
sity lead to PNPC. In order to rule out the effect of different
excitation geometries, some photocurrent spectra were addi-
: tionally recorded with the laser at an excitation intensit
eV at 120 K in the wo samplésthe.H1C1 peak of the SL compgrable to that of the lamp. No significant differenceys
and of the SQW are also detected in photoluminescence. |, ..o shserved with respect to the lamp spectra.

The photocurrent spectra of sample 3 do not show any Figures 5 and 6 show the decay behavior of the photo-
PNPC when the substrate is not well contacted. In this Case, minescence for the H1C1 transition of the SL and of the
the photocurrent in the subs_trate can be neglegfteg 2). If SQW in samples 3 and 2, respectively, at 20 K. In sample 3
the contacts are extended into the substrate at the same RQrriers are obviously transferred from the SL into the SQW
fwhich manifests itself by the initial increase of the photolu-

X ._minescence intensity of the SQW in the first 500 ps after
3(b)]. Fl_gure 32 shqws the photocurrgnt_spgctra qf this excitation while the >i/ntensity of the SL transition irr?medi-

sample In the pA regime. At this low excitation intensity the ately decreases after excitation. This perpendicular carrier
PNPC disappears. F|gure 4 shows the spectra of §ample 2 {fansfer into the states of the SQW, which are energetically
the pA and the nA regime, respectively. Also this Samplelower than those of the SL, decreases with increasing barrier

exhibits PNP(_: at 80 K in Fhe nA regime, but only positive thicknesses; i.e., in sample 2 this transfer is much weaker.
photocurrent in the pA regime. The low energy peak of the

SQW, however, does not change into a minimum, but re-
mains a maximum. The spectra exhibit a specific behavior in

between the first light-hole subbafidl) and C1. In addition,
there is a peak which originates from a broader SQV895

80 K whereas at 40 K the behavior cannot be identiffed.

the PNPC regime. Usually, the photocurrent increases with
5 100
TABLE Il. Photocurrent extrema at the H1C1 transition; maximum g
(usual behavigr —: minimum (pseudo-negative behavjod: not identified. 8
>
1 2 3 4 2 10
9 o
Temp. pA nA pA nA pA nA pA nA £
(K) regime regime regime regime regime regime regime regime i
120 + + + + + + + +
100 + + + + + + + 0(+)
80 + - + + - + 0 ‘ Time (ns)
60 + 0 + - 0 - o= -
40 - 0o(+) + + + 0 + - FIG. 6. Radiative decay of the photoluminescence of the superlésiidiel
20 0 a+) + 0 + 0 + - line) and the enlarged single quantum whshed lingin sample 2 at 20

K.
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main process leading to PNPC in our samples is evidently

3.0 _':E::E’ gfw the decrease of the carrier lifetimes. In contrast to Ref. 8,
o 25 L —O- #3. sQw /3 where Coulomb scattering reduces the mobility of back-
= 50 | —@—#3,SL ground carriers, the mobility of carriers in our samples even
g o—0 seems to increase with decreasing temperature which is in-
Z 151 |:|/ /./g dicated by the fact that at very low temperatures the PNPC
§ 1.0 /O;E;o/ vanishes again, although the lifetimes continue to decrease.
O o5l ﬁ///E;g/. The dependence of the recombination lengths on the ex-

I f”l L citation intensity(larger excitation density is equivalent to

0.0 20 40 60 80 100 120 shorter recombination timeseems to be a consequence of

the fact that the main recombination process is bimolecular
recombination of electrons and holes, which depends on the
FIG. 7. Decay times of the photoluminescence of the H1C1 transition of themltlal_ intensity. _Th,e m,easurgmem of the decay, times as a
superlattice and of the enlarged single quantum well in samples 2 and 3 asf¥nction of excitation intensity demonstrates this clear be-
function of temperature. havior.
The time-resolved photoluminescence measurements

o suggest perpendicular transfer of electrons from the SL into

Sample 4 exhibits no transfer due to the absence of suchfe SQW. The electrons are trapped there because the energy

SQW. _ y of the electronic states of the SQW is lower than in the SL.
The decay times of the H1C1 transiti¢8L) as well as  Thjs transfer is only slightly present in sample 2, i.e., the
of the SQW increase with increasing temperature as showgansfer is weaker due to the larger thickness of the barriers.
in Fig. 7. The lifetimes of the SQW are always longer than the frame of our simple model the effect of the perpen-
the ones of the SL. The difference between the lifetimes Ofjicylar transport on the PNPC can be understood. The more
the SL and the SQW is larger in sample 2. Furthermoreg|ecrons excited in the SL can move into the SQW, the
sample 2 exhibits longer decay times than sample 3. In COnyger the effective recombination length of the total system,
trast to SL z_;md SQW, the decay times in _the SUbSt_fat'_E d&since the recombination time of the SQW is larger than that
crease with increasing temperature. In addition, the lifetimegy 1he s Thus, in the samples which contain an additional
of the SL were found to be longer when the excitation inten-SQW (samples 2, 3, and)4he interpretation of the recom-
sity was one order of magnitude lower. For clarity, the datgyination lengths is more complex. Comparing samples 2 and
for the substrate and for the lower excitation intensity are3 the pNPC appears at similar conditidshstween 60 K and

Temperature (K)

omitted in Fig. 7. 80 K in the nA regimg although the recombination times are
different (cf. Fig. 7. On the one hand, the perpendicular
V. DISCUSSION transfer is stronger in sample 3 due to thinner barriers than in

The basis of our model is the superposition of the tWOsample 2. On the other hand, the recombination times of the

photocurrents in the SL and in the substrate. This is clearl)?QW are not suff_|C|entIy Iarg_e n sample 3 n order to in-
rease the effective recombination length in the system.

shown by the absence of PNPC in sample 3 when the sul)-
hese two trends are assumed to compensate each other. In

strate was not contacted. However, contacting the SL sepa- g ith the short bination i f the SOW
rately from the substrate is not a reliable method to avoigieeoraance wi € shorter recombination time of the Q
sample 3, its maximum in the photocurrent disappears at

PNPC since it was sometimes found even in such samples. i ) S .

these cases the two currents can be connected by perpendicu- K [cf. Fig. .3(b)] Wh.'le it is always clearly presgnt n
lar components of the electric field due to the deformation ofsample 2(cf. Fig. 4. Finally, sample 4(no perpqulcular
the electrostatic potential. Consequently, the substrate curre nsfer because of absence of such a 3@hibits the

cannot always be neglected. PC most strongly of all samples.

In the framework of our model, the positive photocurrent
at higher temperatures is equivalentlty > Lg,g Whereas
the relation betweernLg and Lgyg obviously changes at
lower temperatures or at higher excitation densities. In the/|. CONCLUSIONS
case of PNPC, the recombination length is shorter in the SL
than in the substrate. Assuming a constant electron velocity In summary, photocurrent spectroscopy in the parallel
in the two subsystems, the recombination lengths are exconfiguration is a proper method for the investigation of op-
pected to be proportional to the decay times of the luminestical properties of semiconductor SLs only, if the SL can be
cence. In accordance with this assumption, the decay timesompletely isolated from the substrate or it is assured that the
of the SL were indeed found to decrease with decreasingecombination length in the SL is large compared to that of
temperature or increasing excitation density. In the saméhe substrate. The latter can possibly be achieved by perpen-
way, the photoluminescence signal of the substrate decaycular transfer of electrons into a SQW provided that this
more slowly at lower temperatures. Furthermore, the decagransfer is sufficiently fast and the recombination length in
time of the broader SQW is approximately twice as large ashe well is large enough so that the effective recombination
that of the superlattice, which is in agreement with the obdength in the entire systefSL+SQW) is always larger than
servation that PNPC has never been found for the SQW. Thia the substrate.
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