Electrical properties of InSb quantum wells remotely doped with Si
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Two-dimensional electron systems were realized in InSb quantum wells wjth,ALSb barrier

layers 6-doped with Si. Measured electron mobilities in multiple-quantum-well structures were as
high as 41 000 cAiV s at room temperature and 209 000%¥hs at 77 K. Simple models can be

used to explain the observed dependencies of the electron density on the quantum-well-to-dopant
distance and on the number of quantum wells. Characterization by atomic force microscopy
indicates that layer morphology may be a factor limiting electron mobility. 1998 American
Vacuum Society.S0734-211X98)08603-X]

[. INTRODUCTION IIl. EXPERIMENT

The intrinsically high mobility of electrons in narrow-gap InSb/Al In, _,Sb growths were performed in an Inte-

semiconductors makes InSb thin films attractive forvac Modular Gen Il molecular beam epitaxy system. Effu-
magnetic-field sensing applications. At present, Te—dopegiOn cells were loaded with If7N RASA), Al (6N Ulvao),

InSb epilayers are paired with rare-earth metal magnets &} (6.5N Dowa, and Si(Silicon Sensg An EPI Sb cracker
automotive position-sensing applications where accuracy ar\g/as used with a cracking zone temperature of 900 °C.

repeatability are critical. These devices exploit a geometri- Growth rates for InSb and AISb were calibrated and

cal magnetoresistance where ;ensitivity is proportional t%xml—be composition was deduced from temporal oscilla-
mobility squared. The 1.5um thick InSb layers are grown tions in the intensity of the reflection high-energy electron

on GaAs substrates and have an electron concentration of (ﬁ ; o :
- . ffraction (RHEED) pattern and verified through high-
6 3 _
X 10 cm® and a mobility ofy=40 000 cri/V's. The lay- oq oy tion x-ray diffraction. An Aln,_,Sb alloy composi-

ers must be doped in order to reduce the temperature depeﬁwén with x=0.09 was maintained to keep the lattice mis-

dence of the electron concentration and, in turn,thetemper%atch to InSb below~05% while allowing for a

ture depem_jencg of the sensor 3Ut.pUt' gnfortutr;at.ely, thgufficiently large barrier for the electrons in the quantum
accompanying increase in ionized impunty SCatlering req,q)q4 tne Sh-to-group-Ill flux ratio was slightly larger than
duces the electron mobility and, consequently, the devic

o %nity with an InSb growth rate of-0.8 ML/s. Delta doping
sensitivity.

was performed under an Sb flux and at a Si cell temperature
Remotely doped InSb quantum-well structdrage poten- b P

. : . o of 1273 °C [~5.3x 10" net donor atoms cits 1]. Sub-
tially better suited for magnetoresistance applications thagtrate temperatures were calibrated through changes in the
uniformly doped InSb epilayers. Increased sensitivity is pos'static(Sb flux only RHEED pattern upon crossing the tran-
sible since a high mobility can be maintained while achiev-si,[ion temperaturd,~390 °C, at which the Aln,_Sb sur-
ing a high extrinsic electron concentration. Also, the tem—face reconstructio; changes: betwezd X 4) aéaxpseudo-
perature dependence of the electron concentration can li?[xS) 5

reduced since only very thin layers of InSb are required. In The layer structure describing all the samples studied is

his article, we report on the electrical properti f In L . o .
this article, we report on the electrical properties o Sbshown in Fig. 1% Growth was carried out on semi-insulating

multiple-quantum-well structures grown by molecular beam . . :
epitaxy on GaA&@01) substrates. Mobilities up to GaAg001) substrates in order to eliminate electrical conduc-

41000 crA/V s at room temperature and 209 000%hs at tion through the substrate. Since the lattice constant of GaAs

IS ~ 0,
77 K are observed in Hall-effect measurements. Althoug N ff 14|/° smafllijstgan Lha; c;]f InSb _arld)gmla?(stb,latt;ﬂm
the room-temperature mobility is the same as in the uni- utier layer o » Which has an intermediate ‘attice con-

formly doped InSb mentioned above, the electron concentras—tam’ was grown directly on the GaAs substfafe. um

tion in the quantum wells, 2410 cm™3, is several times thick Al,In, _,Sb layer was grown next, then followed by a
larger. Morphological characterization by atomic force mi_ten-pelnod 25A-AIXIQ1_X$b/25A—InSb stramed-layey st
croscopy indicates that roughness at the well/barrier interperlattlce for dislocation filtering and surface smoothing. A 3
faces may be a factor limiting the electron mobility. In- p#m Alln,_,Sh buffer layer was grown to promote full lat-

creases in both the mobility and the electron concentratioﬁice relaxation as well as to isolate the carriers from scatter-
are anticipated from modifications to the layer structure. ing centers associated with this relaxatlpn. ThelilSb
buffer layer was grown &t ,+50*+5 °C, since growth on a

Electronic mail: Kigoldam@mail.nhn.ou.edu pseudo-(X 3), as opposed to(4x4), surface reconstruc-

bCurrent address: Quantum Epitaxial Designs, Inc., 119 Technology DriveliON results in better p_seudomorphic growth.
Bethlehem, PA 18015. Electrons are supplied to each strained InSb quantum well
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Fic. 1. Layer sequence for the remotely doped quantum-well structures. “-:; 60000+ ° * 4
>
E
L
by Si 5-doped layerg ~5x 10 cm™2 net donor densiflyin = 40000p l
adjacent Alin,;_,Sb barriers. Each of th” quantum wells
is 220 A thick, which is below the Matthews and Blakeslee 20000F |
critical thicknes$ All layers following and including the last . ° ©
0.1 um of the AkIn,_,Sb buffer layer were grown at a sub- ]
strate temperature &f,—30x5 °C in order to minimize Si 0 S ——
compensatiod.Additional Si atoms were included in th® 0 100 200 300 400 500 600
doped layer nearest to the surface in order to provide Ay

% 10'? cm™2 electrons for surface states. An InSb cap was

added to prevent possible oxidation of anlA|_,Sb sur- Fie. 2. Measured electrofe) density and(b) mobility in single-quantum-

face. well structures at 77 K. The solid line {ia) shows the prediction of a simple
Hall-effect measurements at magnetic fields up to 0.25 'IEIEC”OStaUC model.

were performed on square samples whose edges dnam

long. Electrical contact was made at each corner of a sampl ) .

by alloying In at~230 °C in a B (20%)/N, (80% atmo- gwows the measured electron densitgnd mobility u of the

sphere for 5 min. Ohmic contact was checked through obseﬁamples at 77 K.

vation of linear current—voltage characteristics. Resistivity A rs\;m dplz eleﬁzors]tatlc ;‘nold eltrcar\]n dben ui.::ed :‘0 explalrn Ither
was determined from van der Pauw measurements at 300 al gse cd dependence of electron density on spacer laye

77 K10 thickness:
After growth was completed, samples were scanned in air qn  E,—Eg
using a Topometrix atomic force microscope running in non- o~ qd @
contact phase mode. The high-resonant-frequency silicon tip
had an aspect ratio of approximately 3:1 and a radius of  (Er m;dge E
curvature less than 200 A. _fEO anZ |1 Eqy dE. )

Equation(1) describes the electric field in the spacer layer if
[Il. RESULTS AND DISCUSSION background ionized impurities are ignored and the Fermi
level at thes-doped layer is pinned at the conduction-band
edge. The well density at zero temperature is calculated in
A series of six single-quantum-well structurell=t1) Eqg. (2), assuming only a single subband is occupied and
was grown with Alln;_,Sb barrier layers sandwiching a using the density of states determined from the two-band
220 A thick InSb quantum well. To provide electrons for the model. Values ofE,~200 meV for the band gapPNadge
guantum well and surface states, a singles$ioped layer =0.0145n, for the band-edge mass, ane17.7¢ for the
was placed in the upper Ah;_,Sb barrier a distance dielectric constant are appropriate for InSb. The barrier
100 A<d<500 A above the InSb quantum well. Figure 2 heightE,=142 meV was deduced by assuming that 85% of

A. Spacer dependence in single-quantum wells
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the InSb/AlIn; _,Sb band-edge discontinuity appears in the
conduction band. In calculating the subband eneEyy
=24 meV, strain and the nonparabolic dispersion relation
were taken into account but the effects of band bending were
ignored. Equationgl) and(2) can be combined to expreas
as a function ofd. The results of this calculation are shown
as a solid line in Fig. @). Although in good agreement with
the data, uncertainties B at thes-doped layerg,, (due to
the unknown value of the conduction-band offsetnd E,
(due to neglecting band bendinmay still be important. , 2
The dependence qf andd [Fig. 2(b)] reveals the strong
effect of remote ionized dopant scattering. Simc&s much 1
less than the net donor density provided by the single
doped layer, the majority of donor electrons must reside in
surface states. As will be shown below, an improvement in
mobility was observed in multiple-quantum wells where 45000
most of the electrons in the wells are far from the heavily
doped layer near the surface. 40000

n (10%cm?)

35000
B. Dependence on number of quantum wells

A series of multiple-quantum-well structures <N 80000

<14) was grown in which the only parameter intentionally
varied was the number of quantum wells. The distance from
each dopant layer to the nearest quantum well was
=600 A. The room-temperature and 77 K values rioand
u are shown in Fig. 3. The dependenciesMmesult from 15000
the increasing importance of conduction through the quan- 300K
tum wells with increasingN. 10000} . ]
The filled circles in Fig. 8) show thatn at 77 K is ' — —
linearly proportional to the number of filled quantum wells.
When a quantum well is remotely doped on both sides, the 220000 y—— T
left-hand side of Eq(1) must be divided by 2. Consequently, ©
the electron density in the well closest to the substrate will be
as predicted in Fig. 2, while the othbr—1 wells will have
densities that are 1.7 times greater. Therefore, the number of .
filled quantum wells is defined a&8—0.4° As in the previ- 1800008 i |
ous section, we make the approximation that 77 K is due
entirely to extrinsic electrondNXe,, that reside in the
guantum wells but originate from Si dopants in the barrier
layers. Hence, a value fe,, can be deduced from a line of 140000
best fit that also passes through the origin. The slope of such
a line, shown in Fig. @), givese,e=3.5X 10"t cm™2, 120000
The density at room temperature is the sumNof e, 77K
plus the intrinsic densities in the quantum wéllx i, the . L
barrier layerdNXi,,,, and the buffer layers,,se,. From the 1000000 2 4 6 8 10 12 14 16
slope of a line fit to the room-temperature points and forced
through iy e at the ordinate axis, a value &g +iyel
+ipa=4.5%10'" cm™2 is determined. A value forye, Of Fic. 3. Measured electrote) density at room temperature and 77 ()
2 6x 10t cm™2 is determined from a Hall measurement on amobl_llty at room temp_erature, arid _moblllty‘at‘77 K. The solid lines ira)
. . are fits to the data with forced ordinate-axis intercepts.
structure with the quantum wells and barriers etched off.
Since the band gap of AISb is very lardg,se, iS assumed to
be due entirely to electrons in thegm Al,In,_,Sb layer.
Multiplying ipuer Dy a ratio of thicknesses (1200 A/dm) X 10'® cm™2, a value comparable to that measured in intrin-
yields an estimate 0f,,=0.8x10"°cm 2 A value for sic InSb layers £2x10' cm ). The consistency of the
iwen=4.5<10" cm 2-3.5x10" cm 2-0.8x10°° cm 2  deduced values 0fer, i par» @andiey With measured values
=0.9x 10" cm™2 can then be deduced. Dividirig, by the  of Al,In; _,Sb and InSb layers is evidence for the validity of
well thickness of 220 A yields a concentration of 4.2 our model.

25000
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The density values deduced above can be used to model
the N dependence of the room-temperature mobility. As
shown in Fig. 8b), a trend toward higher mobility is evident
with increasingN. As discussed above, an appreciable den-
sity of intrinsic carriers is present in the M, _,Sb buffer
and barrier layers at room temperature. As a result, the room-
temperature transport behavior is expected to be a combina-
tion of both intrinsic electrons in the buffer, barrier, and
wells, and extrinsic electrons in the wells. For the structure
with N=1, the percentage of electrons that are extrinsic is
~53%, the ratio between at 77 K andn at room tempera-
ture. This percentage can be increased by growing structures
with more periods. Each additional period adds a 220 A thick
quantum well, a Sis-doped layer, and an additionalxal
=1200 A of Al In,_,Sb barrier material. As deduced above,
the density of resulting intrinsic carriers in the additional ;
barrier material .= 0.8x 10'° cm™2) is much less than the ="
density of additional electrons in the wek o+ iye=4.4 n '
x 10" Cmiz)- Because . in InSb is higher than in Fe. 4. Noncontact atomic force microscope images of a single-quantum-
Al,In; _,Sb, the ratio of highs carriers to lowg carriers,  Wwell sample. The large image is a pn square region with the gray scale
and consequently the measurgdshould be enhanced. As "éPresenting a height variation of 1000 A. The small imégse? is a 2.6

o um square region with the gray scale representing a height variation of 100
the number of quantum wells is increased, the percentage @f
extrinsic carriers increases to 78% and the mobility in-
creases to 41 000 &V s whenN=14.

The mobility in an N-period multiple-quantum-well
structure can be approximated ag = (NgjioyMaioyt
NyellMwen)/ (Naioyt Nwen) , WhEreN 0= ipysrert N X g, is the Atomic force microscopy was performed on many of the
density of electrons in the alloy layers, ange;=NX(e,e  quantum-well structures. Figure 4 shows an atomic force mi-
+iyen) is the density of electrons in the quantum wells. All crograph of theN=1 structure withd=600 A. The large-
the density values in this equation were determined as disscale image reveals pyramidal features as well as abrupt
cussed above and a Va|ue[@£"0y: 8000 cn?/V s was mea- st.eps oriented in th@.lO] and [110] directions. The inset tOl
sured in a 4um sample of A}in,_,Sb. Since all other nec- Fig. 4 shows that these pyramidal features are actually spiral-
essary quantities are known, a value fqy.; can be deduced like structures that grow around threadifgcrew disloca-
by a single-parameter curve fit to the data in Fig)3The tions. The step heights on the pyramids correspond. to 2 ML
data are bracketed between curves with,, set at 39 000 and the pyramid heights range froml00 to~500 A with a

and 43 000 cV s. To the best of our knowledge, our mea- characteristic separation 6f3 um. The size and density of
sured value of 41000&#/s is the highes:t room- these features is similar in all of the quantum-well structures

C. Atomic force microscopy

temperature mobility reported in a quantum well made oft

any semiconductor, including InAgRef. 1) and GaAs. ~100A.'” height, 5_.10'“m long, separated byb5'“m’.
S . L and, unlike the pyramidal features, are less numerous in the
However, it is still significantly lower than the

60 000 crA/V s that we and otheté 4observe in undoned structures witiN>1. This may be due to dislocation filtering
InSb layers on GaAs substrates P occurring at the well/barrier interfaces of ob>1 struc-

o I tures.
The _m(_easurgd mobilities at 77 K are shown in Fig) 34 These studies indicate that the morphology of the active
dramatic jump inu occurs from 126 000 cfV s for N=1

Y a ) ; layers may play a role in limiting the mobility of the elec-
to 175500 cmV's for N=2. IncreasingN results inonly a 4o i the wells. Both the pyramidal and oriented abrupt
slightly higher u, with a maximum of 209 500 cfV s for

Ay ) v __ steps cause thickness variations comparable to the well width
N=10. This is in contrast to the gradual increase in mob|I|ty(220 R). Moreover, the spacing of these defects is on the

observed at room temperature. Since virtually all of the carsame scale as the mean-free path of the electrons in the wells
riers at this temperature are extrinsic electrons in the well§| = (7/e) u,o(27Nye) Y2~0.4um at room temperatute

one would expect the mobility to be independentNofAl-  and will, therefore, adversely affect the mobility, particularly
though the causes of the anomalous levior N=1 are still  at [ow temperature. Therefore, the large variation in the num-
under investigation, we believe that remote ionized dopanber of oriented abrupt steps between the=1 and N>1
scattering plays a major role. The very high density of thestructures may account in part for the anomalously low mo-
doped layer closest to the surface would make M el  bility in the N=1 sample at 77 K. Further microscopy stud-
structure more limited by such scattering than structures witlies are under way to test this conjecture and to optimize
largerN. buffer layer design.
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