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Magneto-optics of InAs/Ga ;_,In,Sb infrared superlattice diodes

F. Fuchs,® E. Ahlswede, U. Weimar, W. Pletschen, and J. Schmitz
Fraunhofer-Institut fu Angewandte Festkperphysik (IAF), Tullastrasse 72, D-79108 Freiburg, Germany

M. Hartung and B. Jager
Sektion Physik der Ludwigs-Maximilian-Universitdinchen, Geschwister-Scholl-Platz 1,
80539 Munchen, Germany

F. Szmulowicz
Air Force Research Laboratory, Wright Patterson AFB, Ohio 45433-7707

(Received 15 June 1998; accepted for publication 20 October)1998

Spectrally resolved measurements of the responsivity of infrared photodiodes based on InAs/
(GalnSb superlatticesSL) were performed in applied magnetic fields. For the field oriented
parallel to the growth axis, interband Landau transitions related to both the center and the edge of
the SL Brillouin zone in the growth direction were observed, in accordance with the parity selection
rules that are expected for the type Il system under consideration. For the field oriented
perpendicular to the growth axis, the interband Landau resonances are broadened and the widening
of the band gap is smaller. @998 American Institute of PhysidsS0003-695(98)04751-2

InAs/(GalnSb superlatticegSLs) show a broken-gap The residual mismatch to the GaSb substrate wdk6
type-1l band alignment.For short period superlattices with X 10 3. Energies are given relative to the unstrained bulk
sufficiently thin individual layers, confinement and strain ef- InAs conduction band. In order to obtain the miniband width
fects result in an effective band gap which is tunable betweethe energies atj=0 andq,=/d are given. Furthermore,
zero and about 0.3 eV¥.The realization of infraredIR)  the effective masses for motion along the growth axis and in
detectors:® as well as laserdoperating in the midinfrared the layer plane are listed. A band overlap between the GaSb
has been reported. In low gap photodiodes the major sourd@lence band maximum and the InAs conduction band mini-
of leakage currents are tunneling curretithe magnitude of mum of 140 meV was usedTypically, in InAs(GalrSh
interband-tunneling currents depends on the effective massed-S @ very strong mass anisotropy of the HH1 band is found:
of the carriers involved, the size of the depletion layer, and0 motion in the layer plane, the effective hole mass is

the band gap. By applying a magnetic field, the tunne"ngcomparable to the effective electron mass while the hole dis-
currents can be reduced in a manner that is found to bRersion for the motion along the SL growth axis yields a very

strongly dependent on the field orientatfhin order to un- heavy mass. In contrast, the anisotropy of the electron mass

derstand such tunneling experiments correctly, it is necessarlz small. The increase in the electron mass for motion along
to know the effective masses and the band gap as a functidh® growth direction is a'b.out 17%'. i

of the applied magnetic field. In the present letter we report. In Table Il thg traq5|t|on energies and the parity selec-
on spectrally resolved measurements of the photoresponse gen rules for optical d_|pole transitions for wave vectars
infrared photodiodes based on In&GAINSb SLs. The spec- =0 andg,=n/d are given. For a type Il SL structure the

tra were recorded by applying magnetic fields oriented par.P arity selection rules for wave vectogg=0 andq,=/d

N Lo . interchange compared to a type | structure, e.gy=a0 (like
allel to the bulllt—ln electric fielde of.the dlode(pgrallel to in type-l SLS, (HHN,LHN) to Cm transitions withm-+n
the growth axis as well as perpendicular to thefield. By

) . ) . .= llowed, whil =7/d (unlike in type-l SL
directly observing the interband Landau transitions, we find %ivr? rr]nirset E\eocv)\:je(? Avl\t/hloi dﬁztr;;lsiti(::sl fsrlbr: dé’gﬁ at sjm-
strong anisotropic widening of the band gap. In addition, w '

%etry points become allowed away from these points, the

discover higher lying transitions related to the SL Brillouin interband density of states is greatest at points of high sym-
zone(BZ) boundary aig,= w/d (whered is the SL period

and com.pare t_hem W|t_h State'Of'th.e'art CaICUIat“_)nS' TABLE |. Energies of the present InA&€alnSb SL according to a 8

The investigated diodes comprise a 150-period SL conx s kp calculation. The values are given relative to the bulk InAs conduc-
sisting of 39 A InAs and 25-A-thick Ggdng 1:Sb layers  tion band minimum. Individual layer thicknesses were 39.33 A for the InAs
grown by solid-source molecular-beam epitaxy on GaSh supayers and 24.65 A for the Gadno 1sSb layers.

strates. Details about growth conditions, diode design, and Miniband

processing and performance have been published in Refs. 3 g=0 gqg,=w/d  width

and 7. Band (meV) (meV)  (meV) my’ my Myeq

Tab!e I sh'ows the' results of a>x8 kp band structure c1 239 379 140 0.0235  0.0275

calculatio” using the input parameters of the present SL  HH1 91 91 0.05 -0.0342 -79.82  0.014

structures as determined by high-resolution x-ray diffraction. LH1 ~ -109  —233 124 —-0.278  —0.0302 0.022
HH2 —223 -221 2 -0.283  —1.741 0.022
c2 848 657 191
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TABLE II. Zero-field transition energies at the center of the SL-Brillouin q=wd| g= Bl ~
zone @=0) and for at the zone boundary along the growth directign ( < 0glLctiHiz E'T:4K
= r/d) according to the calculated values shown in Table I. In addition, the % O C1-HHZ | .__._A'__g;;:::::::':.
parity selection rules of the type Il SL system are givertafor allowed ; | cz.Flﬁ’
and — for forbidden. o l-C1-HH2
= 04} e
AE(q=0) Selection AE(q,=w/d) Selection 8 e C1-LH{e--® -~ --0-0--0-8 -0
(meV) rule (meV) rule a I S0 oo b e ON2
X C1-HH1 V:::J::::_._.r: __.-Ag——!N=1
C1-HH1:148 + C1-HH1:288 - ﬁ 4::::.—-0“"‘!— . ® $N=0
a 02 e s 8-3-3--8-3--
C1-LH1:348 + C1-LH1:612 - :!é:l-;_‘":ﬁ -
C1-HH2:462 - C1-HH2:600 + - L 1 .
C2-HH1:757 - C2-HH1:566 + 0 4 8 12
MAGNETIC FIELD (T)

] ) ] o FIG. 2. Fan chart of the observed peak positions vs magnetic field Bor a
metry, which gives rise to pronounced structure in interbandield oriented parallel to the built-iE field of the device. The expected
magneto-optical spectra at those points. zero-field transition energies at the center of the SL-Brillouin zone and at

Figure 1 (left pane) shows the photovoltaic response 9~ ™9 are indicated.
with the magnetic field oriented parallel to the built-in elec-
tric field E of the diode. The right panel of Fig. 1 shows the H
spectra divided by the zero-field spectrum on an expanded e . .
scale. The left panel shows a strong shift of the band edge to The C1-HH2 transition is parity forbidden at the BZ

higher transition energies with increasing magnetic field incenter but parity allowed af, = r/d. Indeed, at 460 meV no

) . ) : . spectral signature is observed, whereas between 560 and 610
accordance with results obtained in earlier magnetotransmis-

sion experimentt’ The structureless zero-field spectrum MmeV two features appear, which can be identified as transi-

. . tions at the BZ zone boundary along thedirection. The
coalesces into pronounced resonances. At higher magnetic oo o .
field : " 4 035 and 0.58 eV converse situation holds for the C1—-HH1 transition, which is
I€lds, new transitions appear around 9.5 and 9.56 € angIearIy observed at the BZ center with Landau indices rang-

undergo a smaller shift in comparison to the band-gaping from O to 4, while at the expected energy for transitions
related transitiongright pane). with g, = 7/d no signature is seen.

The energy positions of the spectral features versus mag- The energy shifts of the three dominant Landau transi-

netic field shown in Fig. 1 are plotted in Fig. 2. AITows yjong versus magnetic field for the motion of the hole and
|nd|cate the expected values of the zero-field trgnsnmn €Nelslectron in the layer plane have been evaluated following the
gies atq=0 andq,=n/d based on the theoretical values gnnroach of Ref. 10. We obtain an effective reduced mass of
shown in Table I. The transitions can be separated into tW@ 017, which is close to the value of 0.014 expected from the
groups: The most prominent features near the band gap agnd structure calculation for the C1—HH1 transitionl'at
attributed to interband-Landau transitionscat O between (Taple |). The remaining difference is attributed to the lim-
the conduction band C1 and the HH1 valence band, coveringed accuracy in the calculation of the effective hole mass
the spectral range between 0.15 and 0.3 eV. Within the firghecause of the complicated dispersion of the valence band
group some additional weak features are observed and majnd the imprecise knowledge of band input parameters.

be attributed to spin splitting. The second group consists of Figure 3 shows a comparison of the photoresponse for a
features observed at higher energies, very close to the eneg-field oriented perpendicular to the field of the diode
gies where transitions with,= 7/d are expected. Note, that (dashed linesand the spectra obtained in the experimental

they are allowed according the selection rules listed in Table
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PHOTON ENERGY (eV) FIG. 3. Comparison of the photoresponse of an If@alnSb SL diode

with magnetic fields oriented parallélill lines) and perpendiculafdashed
FIG. 1. Photoresponse of an InA&&AaInNSb SL diode with the magnetic lines) to the built-inE field of the device. The spectral structures at 0.2 and
field oriented parallel to the built-in electric field of the diode. The left panel 0.22 eV are due to the organic glue used for mounting of the sar(gdésd
shows the raw data, while in the right panel the high-energy part of thdines). The inset shows the high-energy part of the zero-field spectrum on
spectra divided by the zero-field spectrum is shown on expanded scale. expanded scale.
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configuration discussed earlieBI(E, full lines). In contrast duced widening of the band gap of InA&8&alnSb infrared
to the BIIE orientation, the rich spectral structure vanishesphotodiodes and the corresponding reduced effective masses
and only one pronounced line at the band edge can be olrave been determined. With the magnetic field oriented par-
served. The spectral features observed at 0.2 and 0.22 eAllel to theE field, cyclotron orbits in the SL layer plane are
indicated with dotted lines are due to the organic glue useihduced and interband Landau transitions are observed. The
for sample mounting. The field-induced energy shift of thewidening of the band gap with tH&field oriented parallel to
fundamental band gap forBfield oriented perpendicular to the E field is consistent with the reduced effective mass ob-
the E field is about half that for the parallel orientation. Ap- tained from 8<8 kp band structure calculations. At high@r
plying the same evaluation as for tBE orientation yields fields, higher lying transitions at wave vectars= =/d be-
a reduced effective mass of 0.041. come observabl¢i) at the calculated energy positions and
The cyclotron mass measured with the magnetic fieldii) in accordance with the parity selection rules that are ex-
perpendicular to thé field is the geometric mean of the pected for the type Il system under consideration. WithBhe
transport mass along two orthogonal directiGhhe geo- field oriented perpendicular to tHe field, the rich spectral
metric mean ofm; and m, of Table | yields an effective structure observed in the parallel configuration disappears
electron mass of 0.025 for that motion. This value gives arand the widening of the gap is reduced.
upper limit for the reduced effective mass. Any finite effec- _
tive hole mass yields a smaller reduced mass. The geometric | N€ authors want to thank J. Wagner and A. Wixforth
mean of the hole mass gives a value of 1.65 and can b@r hglpful d|§cu53|ons anq K. Schwarz and J. Sc.hlelfe for
neglected. Thus, with the experimental value of 0.041 for thd€chnical assistance. Continuous support by G. Weimann and
geometric mean, the electron effective mass for the motioth - Koidl, and the financial support by the Bundesministerium

along thez direction equals 0.0410.0235=0.07 which is a fur Verteidigung are gratefully acknowledged. The work of
factor of 3 higher than expected. F. S. is supported by USAF Contract No. F33615-95-C-
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