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Correlation between atomic-scale structure and mobility anisotropy
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We have performed detailed characterization of atomic-scale interface structure in I1nA3fG&b super-
lattices using cross-sectional scanning tunneling micros¢8p) and established a semiquantitative corre-
lation between interface structure and transport properties in these structures. Quantitative analysis of STM
images of botH{110) and (1D) cross-sectional planes of the superlattice indicates that interfaces in g (11
plane exhibit a higher degree of interface roughness than those in(1th@ plane and that the
Ga, _,In,Sbh-on-InAs interfaces are rougher than the InAs-on-Gim,Sb interfaces. The roughness data are
consistent with anisotropy in interface structure arising from anisotropic island formation during growth and,
in addition, a growth-sequence-dependent interface structure arising from differences in interfacial bond struc-
ture between the two interfaces. Low-temperature Hall measurements performed on these samples demonstrate
the existence of a substantial lateral anisotropy in mobility that is in semiquantitative agreement with modeling
of interface roughness scattering that incorporates our quantitative measurements of interface roughness using
STM. [S0163-18298)03911-3

I. INTRODUCTION to investigate directly and quantitatively the nature and de-
gree of lateral anisotropy and growth-sequence dependence
InAs/Ga, _,In,Sb strained-layer superlattices have shownin interface structure. Features in interface structure revealed
great promise for application in mid- to long-wavelength in- by our analysis are interpreted as consequences of anisotropy
frared |mag|ng app"cationjsg and have been used Success_in island formation during sample grOWth and of differences
fully as the active layers in both photodiodesnd diode In growth-sequence-dependent bond configuration at the in-
lasers® However, the atomic-scale interfacial properties ofterfaces. We also present the results of low-temperature Hall

these superlattice structures have been found to be of crucig}ebility studies performed on the superlattice samples. The

importance in determining material and device propertiesT 2!l mobilities are found to be highly anisotropic, and mod-
ling of interface roughness scattering using the interface

Because both group-lll and group-V constituents chang@ : ; . .
from one superlattice layer to the next, two distinct bondml‘IghneSS data derived from high-resolution STM images

configurations—InSb-like and Gayn As-like—can be demonstrates a semiquantitative correlation between the

) . measured Hall mobility anisotropy and quantitative measure-
present at each interfaceGa,_,In,Sb/InAs superlattices y by d

: Lo : ts of interf h btained by STM.
grown with InSb-like interfacial bonds are expected to pos-men S ol inferiace rolighness obtained by

sess superior device characteristics compared to those grown
with Ga,_,In,As-like bonds’’ and studies of transport in
InAs/AISb quantum wells have shown that higher mobilities The InAs/Ga_,In,Sb superlattice sample used in this
can be achieved when the structures are grown with InSbstudy was grown by solid-source molecular-beam epitaxy
like interfaces than with AlAs-like interfacésA detailed (MBE) in a VG V80 MKII MBE system on am-type GaSb
understanding of the atomic-scale structural and composi001) substrate. The growth system and substrate preparation
tional properties of these interfaces, and the relationship béechniques have been described in detail elsewh&he su-
tween these material properties and various aspects of devigerlattice consisted of 50 A Gadn, ,sSb alternating with 17
performance, is therefore essential to the optimization of\ InAs for 150 periods, capped with 500 A GaSb. The epi-
electrical and optical properties of device structures based oigxial layers were grown at 380 °C on a 1000-A GaSb buffer
the InAs/Ga_,In,Sb and related material systems. layer. At each interface in the superlattice layers, a 5-sec Sb
In this paper we describe a detailed, quantitative analysi§oak was used to induce the formation of InSb-like bonds.
of interface structure in InAs/Ga,In,Sb superlattices using The average composition and overall structural quality of the
cross-sectional Scanning tunne"ng microchS)TM) and syperlattice were confirmed by high-resolution X-ray diffrac-
semiquantitative correlation of these STM results with meatlon.
surements of low-temperature Hall mobilities. High- STM experiments were conducted in an ultrahigh-vacuum
resolution  cross-sectional STM imaging of thesystem at a base pressure of approximately 1-2
InAs/Ga, _,In,Sb superlattices allows atomic-scale interfacex 10 *° Torr. Superlattice samples were cleaviedsitu to
roughness and asymmetry to be profiled directly, and is useelxpose either 110 or a (11) cross-sectional face on
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which STM imaging was performed. While atomically flat
cross-sectional surfaces were obtained for bot(1€) and
(110) planes, we found that cleaving to expose {h&0
surface was generally more successful. Both Pt-Ir and W tips
cleanedn situ by electron bombardment were used for these
studies. Because the cleaved surfaces are atomically flat, the
contrast seen in constant-current STM images corresponds
primarily to features in the electronic structure of the sample,
rather than to the actual physical topography of the surface.
For the mobility studies, Hall bars were fabricated using
standard photolithography and wet-etching techniques. The
bars were oriented such that the Hall voltages were measured
along both the[110] and [110] directions. Measurements
were obtained in a variable-temperature Hall measurement
apparatus over a wide range of applied currents and magnetic
fields.

ll. INTERFACE ROUGHNESS STUDIES T GalnSb TGaInSb ¢

Previous cross-sectional STM studies of InAs/GaSb InAs InAs InAs
(Refs. 10—12and InAs/Gg ;dng »sSb (Refs. 13 and 14su-
perlattices have provided considerable evidence of interface FIG. 1. High-resolution constant-current STM image of a 50-A
roughness and growth-sequence-dependent interface asymBa, ,4n, ,sSb/17-A InAs superlattice, obtained at a sample bias of
metry. For InAs/Ggadng »55b structures, interfaces in which —1.5 V and a tunneling current of 0.1 nA. The gray-scale range of
Ga 79ng ,5Sb was grown on InAs typically appear more the image is 2.5 A. Monolayer roughness is visible at the interfaces
abrupt electronically in cross-sectional STM images than inbetween the InAs layers and &alng »sSb layers.
terfaces in which InAs was grown on @aln, »:Sb.*® and
measurements of orbital spacings obtained from STM imclear contrast between the InAs layers and thg /@8, ,:Sb
ages suggested a greater degree of InSb-like character at thgers, as well as evidence of monolayer-level interface
INAs-0n-Gg 7dng,:Sh  interfaces? Furthermore, x-ray- roughness.
diffraction and simulation studies by Miles al. have sug- Individual interface profiles were extracted from the im-
gested an asymmetry in interface structure inages by enhancing the contrast between the InAs and
InAs/Ga _,In,Sh superlattices, even under growth condi-Ga, ;dng »sSb layers and then using an edge-detection algo-
tions intended to produce entirely InSb-like interfales. rithm to delineate the interfaces. Profiles were compared to
These studies suggested that the Gin,Sb layers are ter- the original images to ensure that accurate representations of
minated with InSb-like bonds, while the InAs layers are ter-the interfaces were obtained. Quantitative interface profiles
minated by roughly equal numbers of InSb-like anda(x) were obtained by measuring the distance between the
Ga _In,As-like bonds. In this work, a more detailed, quan- interfaces and a baseline corresponding to the profile of the
titative analysis of interface roughness and growth-sequencgomic bilayers in the image from which the interfaces have
dependence of interface asymmetry has been performed useen extracted. Figure 2 shows representative interface pro-
ing cross-sectional STM, and the resulting quantification of
atomic-scale interface structure has been correlated with

low-temperature measurements of Hall carrier mobility. (a) Interfaces in (110) Plane

Figure 1 shows a high-resolution constant-current cross- e e 001]
sectional image of the InAs/Gagdn, »5Sb superlattice struc- T T
ture, obtained at a sample bias voltage -0£.5 V and a , ij"f“fw
tunneling current of 0.1 nA. The contrast between the darker 20 AL} inas, <o T
InAs layers and the brighter Galng ,sSb layers is clearly 0 100 200 300 400 500
visible. This contrast is electronically induced, rather than Position (A)
arising from features in the actual physical topography of the (b) Interfaces in (170) Plane
cleaved surface. For negative sample bias voltage and at a ‘ ‘ ‘ :
given tip-sample separation, both the band offsets and the plids T roou
expected distribution of carriers in the InAs/Gdng »sSb - GalnSb ]
superlattice would lead to increased tunneling current in the 20 AIW
Ga, 74N »5Sb layers as compared to the InAs layers, giving - : - -
. . . 0 100 200 300, 400 500
rise to apparent topographic features in a constant-current Position (A)
image. Also evident in the image is monolayer-level rough-
ness between the InAs and §3dng,sSb layers. A large FIG. 2. Representative interface profiles obtained ffey(110)

number of images of similar quality were obtained over re-ang (b) (110) cross-sectional STM images of the 50-A

gions up to 1000 A1000 A in size from both110 and  Ga,.dn, ,Sb/17-A InAs superlattice sample. TH01] growth di-
(110) cross sections of the sample. All images showed aection is indicated.
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TABLE I. Roughness amplitudes and correlation lengths ob-

(a) tained from fitting a Lorentzian function to the interface roughness
(110) Cross-Section power spectra calculated for @alngSh-on-InAs  and
10000 4 InAs-on-Gg 79ng »5Sb interfaces from(110) and (1D) cross-
. ®  GalnSb-on-InAs spectrum sectional images.
m GalnSb-on-InAs fit
°\<./ 1000 ©  InAs-on-GalnSb spectrum Correlation
E w0 InAs-on-GalnSb fit Amplitude Iength
8’ Cross section Interface AR A A)
ﬂl’ 10 4 (1ﬂ)) Ga, _In,Sb-on-InAs 4.30.2 32738
Nx (1?0) InAs-on-Ga _,In,Sb 2.8:0.2 174+21
gc 3 (110 Ga_In,Sb-on-InAs  3.2:0.2 301:39
(110 InAs-on-Ga_,In,Sb  1.9+0.1 11216
10 02 04 06 08 10
Wave vector g (1/A) where A is the roughness amplitude and the roughness
correlation length. We find the Lorentzian to be a better fit to
(b) (11—0) Cross-Section our datg than a Gal_Jssjan or other functional forms. The
Lorentzian spectral distribution corresponds to an exponen-
10000 3 tial correlation in real space and is the spectral distribution
—_ ® GalnSb-on-inAs spactrum expected for a random spatial distribution of steps at the
oL 1000 o ﬁi’:i:;‘;:::::‘ : interface® The analysis described here is similar to that used
~ 5 U o e by other workers to quantify interface roughness measured
%) 160 | by cross-sectional STM:111®17Figure 3 shows a plot of the
c power spectra and also of Lorentzian fits to the power spectra
3 10 for the Ga_,In,Sb-on-InAs and InAs-on-Ga,In,Sb inter-
X faces from both(110) and (1D) cross sections. Table | lists
& . the extracted roughness parameters for each interface type.
< The spectra shown are averages of individual roughness
spectra from at least six different profiles for each interface
Y 02 0.4 06 08 10 type. _
As indicated in Table I, the interfaces in the @1plane
Wave vector q (1/A) exhibit larger roughness amplitudes and correlation lengths

than those in th€110 plane. This observation is consistent
with reflection high-energy electron-diffractibh(RHEED)
FIG. 3. Interface roughness power specfigymbols and and STM(Refs. 19 and 20studies of growth 0f001) GaAs
Lorentzian fits to the spectréines) for Ga, ;dnoosSb-on-InAs and  py \MBE 'in which islands and terraces on the GaAs surface

INAS-0N-Gg7dNo,sSb interfaces from@ (110 and (0) (110)  \ore hserved to be elongated in fd€10] direction. Islands
cross sections of the superlattice. Roughness amplitudes and corre- —

lation lengths for each interface type are listed in Table I. elongated in th¢110] direction have also been seen in STM
studies of GaSb grown on InAs surfaces for both GaAs-like

files extracted from high-resolution constant-current STMand InSb-like interface¥’ Similar island formation during
images similar in quality to that of Fig. 1. In total, several 9rowth of the InAs/Ga.,In,Sb layers would lead to a cor-
dozen interface profiles, each 500 A in length, were extracteffSPonding anisotropy in interface structure. Interface struc-
from multiple STM images of botfi110) and (1D) cross- ture in the(.ll()) plane would .reflect the presence of the more
sectional surfaces. elongated island cross sections present alond 18] di-

The roughness spectra of the interfaces were calculated gction; for a given interface length along the10] direc-
taking discrete Fourier transforms of the extracted profilestion, the interface structure observed would be influenced by
The roughness frequency componeftsare given by a smaller number of island and terrace steps, leading to

smaller amplitude components in the roughness spectrum.
B E d)e-idd Interface structure in the (D) plane, conversely, would re-
TN & a(ndje” ™, @) flect the presence of the shorter, transverse-island cross sec-
tions found along th¢110] direction; for a given interface
whereq=2=n/L, L is the length of the interface, artlis  length along th¢110] direction, the interface structure seen
the spacing between data points along the interfaqecally  would be influenced by a larger number of island and terrace
0.5 A). The roughness power spectrum of each interfacesteps than for thg110] direction, leading to increased inter-

N-1
A

|Aq|2, is fitted to a Lorentzian function face roughness. The quantitative results obtained from our
5 interface roughness analysis are consistent with this interpre-

A |2_£ 2A%(A/2) @ tation.
al L 1+(qA/27-r)7’ The parameters in Table | also show a substantial depen-



57 CORRELATION BETWEEN ATOMIC-SCALE STRUCTUR . .. 6537

[001] 225
200 |- . I L
SRR o . 3 - .
175 |
% ) ) O) ) ) > 150_‘ ~...m [110] direction
L —e— [110] directi
C_% “‘E 125. [110] direction
100 | o o - o
RO RO ONONO! R e
g ol
= L
® 0 0 60 ® 25 [
2 ol . . . . . .
c 10 15 20 25
- O 0 0 0 O
Temperature (K
perature (K9
O O O 0 ©
"""""""""""""""""""" FIG. 5. Measured Hall mobilities for the superlattice as func-
(-‘,3) tions of temperature and direction. The mobility is observed to be
% ™ OO, D) O larger in.the[llO] direction than in thg110] direction of the
0] superlattice.
Hall measurements of mobility. Magnetotransport measure-
M=Gaorln ments have shown that mobility in InAs/GaIn,Sb super-

lattices is dominated by interface roughness scattering for

FIG. 4. Schematic diagram of an InSb-like interface structure atemperature regimes of interest for long-wavelength infrared
the InAs-on-Ga_,In,Sb interface, and a mixed InSb-like and devices (4.2—-200 K.21?2 In our studies, temperature-
Ga,_In,As-like interface structure at the @aln,Sh-on-InAs in-  dependent mobilities were measured for transport along both
terface in an InAs/Ga.,In,Sb superlattice. The dashed lines indi- the[110] and[110] directions of the superlattice. Although
cate the positions of the interfaces. TH#®1] growth direction is  the sample used in this study was grown onnatype sub-
indicated. Since STM is sensitive to the electronic properties ofstrate in order to facilitate STM measurements, mobility
atomi_c-scale _interface structure, the differe_nces in roughness at ”?ﬁeasurements obtained at temperatures below the GaSb
two different interfaces would be reflected in the STM data. freeze-out temperature are expected to correspond primarily
to conduction within the superlattice epitaxial layers. Assum-
fig a Te dopant concentration 6f3.2x 1017 cm 3 in GaSb
and a binding energy of 10 me¥ the freeze-out tempera-

dence of interface roughness on growth sequence, with t
Ga _,In,Sh-on-InAs interfaces being substantially rougher

Thin/geslrgAs-on-(Inglnbe i_nterfSa_cE‘ﬁ/ls. In eatr)lier St.u?izs of ture is predicted to be 23 K. Previous temperature-dependent

dn S af . su;f)er attices using ' ﬁ substantial depeny | mopility measurements performed on samples consist-
ence o '|nter ace structure on growt séquence was Ot?hg of 75-period superlattice structures nominally identical to

served, with the degree of asymmetry observed in interfacg,, samples used in the studies reported here, but grown on

struclturedlo_dlgpFendﬁnt upon thde_ﬁ growth ?ond't'o?SGaSb buffer layers on semi-insulating GaAs substrates, re-
employed. urthermore, x-ray-difiraction analyses of \egiaq 4 clear anisotropy in the carrier mobility, with the

InAs/Ga _,In,Sb superlattice samples have suggested that .. . . L .
the Ga_,In,Sb layers are terminated with InSb-like bonds mobility being larger in th¢110] direction than in th¢110]

y . . 24 .
while the InAs layers are terminated by roughly equal num_d|rect|on. Furthermore, transport measurements obtained

; ; by growing InAs/Al,GaSb quantum wells on lattice-matched
geazs |2fstlynosnb;lrl1l,(o\es i?\?grfaiziea:%x"\/]\f?j;lkae r? oggﬁof Tmh§<e d GaSb substrates have been shown to be similar to those ob-
—X X = = . .
InSb-like and Ga_ nAs-ike character, while the tained by growing the quantum wells on GaSb buffer layers

InA Ga._In.Sb interf d be of h on GaAs substrateés.Anisotropic low-temperature Hall mo-
NAS-0N-558 —xIN>D Interfaces would be of a moré NOMOg- i have also been observed in modulation-doped

enous InS.b-I|.ke character. A_s shown schematlcally in Fig. ?AIXGai_XAs/GaAs heterostructures grown by MBE.In
mixed stoichiometry at one interface will lead to increase ) o — L2
(,Hbese studies, mobility in thgl10] direction was measured

atomic-scale roughness at that interface. The roughness d : S i
obtained from our STM measurements are consistent with° be larger than that in tH{a 10] direction and was attributed

this—the Ga_,In,Sb-on-InAs interfaces, at which mixed t© scattering from interface islands longer in ftid.0] direc-
stoichiometry is expected to be present, are measuraben than in the{110] direction.

rougher than the InAs-on-Ga,In,Sb interfaces, for which Figure 5 shows the measurpetype Hall mobility for the
we expect the stoichiometry to be more uniform. superlattice sample. The mobility at low temperature is ob-
served to be larger in thgl 10] direction than in thg 110]
IV. CORRELATION TO MOBILITY STUDIES direction of the superlattice by a factor of approximately

1.5-2. At higher temperatures than those shown in the fig-
The results of the preceding interface roughness analysigre, carrier transport is dominated by the substrate: the car-
have been correlated to data obtained from low-temperatunéer mobilities reach values similar to those seen in measure-
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ments performed using-type GaSh’ and the mobility ratio

reaches unity. The measured values of the carrier mobility S 24
shown in Fig. 5 are smaller than those observed in studies of =
superlattice samples with 25-A @galng ,sSb and =25-A < a2|
InAs layers?>??> However, this can be explained by consid- 5=}
ering the dependence of interface-roughness-limited mobility = 20
on the well widths of the structures. Interface roughness scat- g = [
tering in a quantum well with thick, infinitely high barriers s
leads to an expected mobility dependence on the well width Dc:, 18 -
d of wocd® 28 while the measured dependence of the low- £
temperature carrier mobility on layer width was<d?42 % 6l
Using the reported mobility of 3900 &tV sec for a 25-A 3 . . '

InAs well in an n-type InAs/Ga 7dng»sSb superlattice, an 0.001 0.01 0.1 1
extgapolation of the mobilit_y using either axd®* or apu Wave vector k (A)
«d® dependence on well width results in values of Hall mo-
bilities for our sample structure that are within reasonable
range of our measurements. FIG. 6. Calculated ratio of interface roughness scattering times
A rough estimate of the mobility anisotropy ratio basedas a function ok using the interface roughness parameters deter-
on interface roughness scattering relaxation times may bemined by STM for the 17-A InAs/50-A Ggdng ,sSh superlattice.
obtained using the extracted roughness parameters from tAdée scattering time ratios should be directly proportional to the
STM data. In this calculation, the matrix element for scatter-carrier mobility ratios in the superlattice. The anisotropy in the
ing S(q) is proportional to the Fourier transform of the dis- calculated scattering times is in semiquantitative agreement with the
tribution of steps at each interface. Assuming the dependenc¢geasured anisotropy in Hall mobility in the superlattice.
of energy on well widths to be the same for both spatial _
directions, we take the interface roughness dependence afion times for interfaces in thgl 10] direction are longer
S(q) to be given by the Fourier transform of the autocorre-than those in thg€110] direction; furthermore, the ratio of the
lation of the interface profile¥. However, this is just given scattering times is in semiquantitative agreement with the
by Eq.(2), the Lorentzian which is fitted to the power spec- actual measured mobility ratio of the superlattice sample.
trum of each interfaceS(q) is then incorporated into the The estimates indicate that a mobility anisotropy of more
momentum relaxation time(k) using the relation than a factor of 2 can be expected for wave vectorsf
~0.08 A" or smaller, corresponding to carrier scattering
I'(q)]? from features in the heterojunction interface structure with
e(q)] characteristic lateral sizes of75 A or greater.
While the above calculation provides a rough estimate of
q=2k sin 6/2, (3)  the influence of anisotropic interface roughness on mobility,
it should be noted that the carrier mobility is highly depen-
where F; is the average surface fieldy* is the effective  dent on the band structure of the superlattice, and the band
mass parallel to the interfacejs the electron wave vectof,  structure itself is sensitive to fluctuations in the confinement
is the scattering angld;(q) contains corrections for image energy caused by interface roughnéss., spatial variation
potential and electric field modification at the deformed in-of the widths of both wells and barriersA detailed analysis
terface, ande(q) is the electron dielectric function to ac- of the mobility in these superlattices would therefore need to
count for free-electron screening. The drift mobility is re- incorporate both detailed interface roughness information
lated directly to the scattering times %y such as that obtained in our STM measurements and a real-
istic calculation of the superlattice electronic structure and its
influence on transport properties. Such an analysis is a sub-
ject of current investigation. Nevertheless, our studies de-
scribed here demonstrate semiquantitative agreement be-
tween the atomic-scale electronic and structural anisotropy
girectly observed by cross-sectional STM and macroscopic
Carrier transport data obtained using devices fabricated from
%he same samples.

1 e*Fim* o
T(k) = W fo 9(1—COS G)S(C])

b= e (7). @

Assuming a Hall scattering factor of 1, the Hall mobility and
drift mobility may be taken to be equal. Using E¢8) and

(4) and the roughness parameters given in Table I, the rati
of interface roughness scattering times for transport in th
[110] and [110] directions, 7[110]/7[110], is calculated

numerically as a function of. Total scattering times asso-
ciated with each direction are calculated from the scattering V. CONCLUSIONS

times from the individual interface types according to the We have used cross-sectional STM to investigate directly

expression and guantitatively the atomic-scale interface morphology of
1 1 1 INAs/Ga _,In,Sb superlattices grown by MBE, and have

= + . (5) demonstrated a semiquantitative correlation between atomic-

Ttotal  7GalnSb-on-InAs  TinAs-on-GalnSb scale interface structure and transport properties in these

Figure 6 shows a plot of the calculated scattering time ratiostructures. Spectral analysis of interface profiles obtained by
vs k. These calculations confirm that the scattering relax-STM shows that interfaces in the (@)Lcross-sectional plane
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have larger roughness amplitudes and correlation lengthsnd correlation lengths, and correspond to the interfaces
than those in th€110 cross-sectional plane; this directional along the[110] superlattice direction, the transport anisot-
anisotropy in the interface structure of the superlattice layersopy observed in the Hall mobility measurements correlates
is interpreted as a consequence of anisotropic island formavith the directional structural anisotropy seen in the STM
tion during growth. The roughness spectra also indicate thdata. Modeling of the interface roughness scattering times
presence of a growth-sequence-dependent interface structuresing interface roughness data from our STM studies dem-
interfaces in which Ga ,In,Sb has been grown on InAs are onstrates semiquantitative agreement between the atomic-
substantially rougher than interfaces in which InAs has beescale electronic and structural anisotropy directly observed
grown on Ga_,In,Sh. This dependence is interpreted asby cross-sectional STM and macroscopic carrier transport
arising from differences in interfacial bond structure pro-data obtained from the same device structures.

duced under various growth conditions and supports earlier

observations suggesting a more homogenous InSb-like bond

character at the InAs-on-Ga,In,Sb interfaces than at the ACKNOWLEDGMENTS
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