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Theory of ballistic-electron-emission microscopy of buried semiconductor heterostructures
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We extend the theoretical description of ballistic-electron-emission micros@pizM) to the study of
buried heterojunctions. We calculate the collector current and its first and second derivatives with respect to
tip-base bias voltage for buried single-barrier and double-barrier resonant tunneling structures and show how
they systematically vary with the parameters of the heterostructure. We show that the second derivative of the
collector current is approximately a product of the heterostructure transmission coefficient and a slowly vary-
ing function of bias voltage. The calculated results are in good agreement with the first measurements of
BEEM used to probe buried double-barrier heterostructi&&163-18206)09839-6

Ballistic-electron-emission microscopBEEM) has been tween the tip and the base is adjusted to keep the base tun-
shown to have unique capabilites to probe metal/neling current constant and the collector current is measured
semiconductor interfaces with nanometer resolutidf. as a function of tip voltage.

Very recently BEEM techniques have been extended to the BEEM has been described using a planar tunneling model
study of buried semiconductor heterostructttdacluding  in which the STM tip and the base are modeled as planar
single-barrier and double-barrier resonant tunneling strucfilms of free electron metals® Other theoretical approaches
tures (DBRTS). In Ref. 11, it was shown that BEEM is a Which relax parallel wave-vector conservaﬁ(;nor_which
powerful probe of heterostructures because the electron elfilize f|rsot-pr|nC|pIes description of the metal/semiconductor
ergy distribution incident on the heterostructure can be varinterface® have also been presented. Here we work within
ied independently of the energy-band profile. In conventionaf€ context of the planar tunneling model. In the planar tun-

heterojunction device structures, both the incident electroﬁlellng model, wnneling current to the base is calculated us-

energy distribution and the energy-band profiles of the hett'9 the WKB approximation. The tunneling electrons in the

erostructure chanae with bias voltage. In Ref. 11 secon(Enase which traverse the base/semiconductor interface deter-
derivati £ th 9 lect ¢ g‘tH .tt ' it ine the BEEM current. For simple metal/semiconductor

erivatives of the collector current with respect o vo agestructures, all the electrons which pass into the semiconduc-
bias were shown to yield peaked structure which could be[

. . . -~ “Hor contribute to the BEEM current. Here we consider the
associated with the various heterostructure transmissiof,ca in which there is a buried heterostructure in the semi-

channels and thus provide a spectroscopic study of hetereqnquctor and only those electrons which pass into the semi-

structure transmission. The purpose of this paper is to extengsnductor drift region and are also transmitted by the hetero-

the theoretical description of BEEM to the study of buriedstrycture contribute to the collector current. In this case, the

heterostructure to help interpret the results of this new specollector current can be written as a product of the electron

troscopic tool. flux distribution in the drift region in front of the heterostruc-
Figure 1 shows the schematic energy-band diagram ofure and the transmission coefficient of the heterostructure,

BEEM used as a probe of buried heterostructures. The

dashed box to the left represents the scanning tunneling mi-

croscopgSTM) tip with Fermi energye; and work function

®. To the right of the STM tip is a thin vacuum region

followed by a base region formed by a thin metal layer on

the surface of the semiconducting sample. To the right of the

base is a drift region formed by a capping layer of the semi-

conductor sample. The drift region is thin compared to an

electron mean free path. The Schottky barrier between the Ep

base and drift regions iB5. The heterostructure to be stud-

ied, in this schematic a DBRTS with energy barriés, E \ ‘ E

follows the drift region. To the right of the heterostructure is f t s

a collecting region. As-doping layer in the collector region

is used to keep the bands flat in the drift and heterostructure

regions and to provide a collecting fieliElectrons injected

from the STM tip into the drift region are transmitted or

reflected at the heterostructure. Transmitted electrons are col-

lected by the field from th&-doping layer and yield a col-

lector current. Reflected electrons are captured in the base FIG. 1. Schematic energy band diagram of BEEM as a probe of

region and contribute to the base current. The distance bduried heterostructures.
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|C(V)=eA2d F(k9,V)T(k9), (1)
k

wherel . is the collector currenty is the magnitude of the
bias voltageg is the magnitude of the electron chardeijs

the area in the planar tunneling modef, is the wave vector

of an electron in the drift regiofa sum on spins is included

in the wave-vector sumF is the electron flux distribution in
the drift region, andr is the transmission coefficient of the
heterostructure. If there is no heterostruct{ires unity) this
expression reduces to the usual expression for the BEEM
current. Equation(1) assumes that multiple scattering be-
tween the heterostructure and the base/drift interface is not

10731,/ 1t

d( Ig/ )/ dv

important. C‘% aof n ]
The flux distribution is found by multiplying the flux dis- = R i

tribution of electrons that impinge on the surface of the STM :o R

. . .. . © 20r HE

tip by the transmission coefficient for tunneling to the base, 5 /' \ j

the probability for traversing the base ballistically and the © SN
transmission coefficient at the base/drift interface 0 = Sy ==

1.0 1.1 1.2 1.3 1.4
f'(kY) % Bias (V)

F(kV)= 2 |O(K) —— K
K-k FIG. 2. Normalized collector curretipper pang| first (middle

X{[1—P(K°)]e™ 29 Sy oy €7 % €1 b o, panel, units 10%V), and secondlower panel, units 10%V?) volt-

age derivatives of the normalized collector current with no hetero-
2 structure(solid line), the DBRTS(dashed ling and the single bar-

wherek!, k®, andk? are wave vectors in the tip, base, and rier (dotted ling.
drift regions, respectively® is the step functionf' and f°
are Fermi distribution functions in the tip and base, respectaken to bedyd ydykby , that is, unity ifk¢ satisfies energy and
tively, v is the normalization volume of the tipjs the thick-  parallel wave-vector conservation conditions and zero other-
ness of the vacuum region, the Kronecker delta ensures emvise. Here we include quantum-mechanical reflection at the
ergy and interface parallel wave vector conservation fotbase/drift interface® so that flux is conserved at that inter-
vacuum tunnelingg, is the thickness of the baség,is the face,

ballistic path length in the base, the WKB factplis

s s . 4(mg/m)k° K4 5
2 b d= d 1edo(1cby
g;@(% (1+2ﬁ -(1—2ﬁ) ] K Fmg Ik + K2 Okt
o o
wherem? is the energy-dependent effective mass in the drift
where region. The heterojunction transmission coefficient is calcu-
lated using the method of Ref. 13. Evaluating the integrals at
ty2
o i_r? [CDJrEf— %/_ (ﬁzkﬁ and = Zﬁ_T eV, zero temperature, Eql) reduces to
m

andI'yb \a is the transmission coefficient for an electron with |c:eAfev Esd E¢ Jev Esd E9F(EY,EY V) T(EY,EY)
wave vectork® in the base to wave vectdd in the drift 0 E
region. The first factor in square brackets on the right side of €)
Eq. (2) is the flux distribution in the tip, the second factor is \yhere
the transmission coefficient for tunneling to the base, the
third term gives the probability for traversing the base bal-
listically, and the fourth term is the transmission coefficient F(EYEY V)=
at the base/drift interface.

We consider small voltage biases for GaAs/@a_,As boy,do
structures where only the electrons in Hevalley can con- _2gl 4(mg/m)k, %k
tribute and describe the semiconductor drift region and het- [(md/m)kEOJr kfo]Z :
erostructure using the nonparabolic energy-dependent
effective-mass model where the effective mass has thelere Eﬂz(ﬁkﬂ°)2/2md, Ed=(fk%)%/2my, and the wave

form™ vector k in the base is determined froi¢ and E¢ by
E energy and interface parallel wave-vector conservation. We
1+E— , select parameters appropriate for a Au tip and bd&se,
9 equals 5.5 eV andb equals 5.1 eV, a GaAs drift region,
where m* is the band-edge effective mass afg is the mj equals 0.06M and heterojunction barriers made from
energy gap. In the original theory of BEEMI‘kakd was  AlgGaysdAS, Ep, equals 0.325 eV, andh* equals 0.108.

Zmd
oy lE
Cm? e " )

m*(E)=m*
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FIG. 4. Normalized collector currerisolid lineg and second
voltage derivative of the normalized collector currétashed lines
for DBRTS with a 1.5-nm{upper paneg| 3.0-nm(middle paneland
4.5-nm(lower panel quantum well.

FIG. 3. Comparison between the measufddtted line, from
Ref. 11 and calculatedsolid line normalized collector current
without a heterostructure and with the DBRT®oper panegland
the second voltage derivative of the collector current with the
DBRTS (lower pane). where all functions oE Y or EY are evaluated aeV—Eg).

The inelastic attenuation facter °’¢ and the Schottky bar- Except for very close i@V=Es, the factor in front of the
rier at the base/drift interface are fit to the experimental re{ransmission coeff|C|e_nt ISa slowly varying function e)\‘_/.
sults of Ref. 11 when there is no heterostructure so Thiat Thus_ the second derivative of the coIIecf[or_ current Is ap-
unity (0.0783 and 0.955 eV, respectively, were the ﬁmngprommately the heterostru.cture transmission coefficient
values. The thickness of the vacuum tunneling regiois ~ modulated by a slowly varying function and is therefore a
adjusted so that the base tunneling current is fixed at 2 A/cmparticularly interesting quantity in the study of heterostruc-
for each voltage bias. This gives values fawhich depend  tures. This result provides a specific motivation for investi-
slightly on bias but are near 1 nm. gating the second derivative of the collector current.

The upper panel of Fig. 2 shows the calculated collector In the upper panel of Fig. 3 we compare the calculated
current normalized to the base tunneling current as a functiopollector current normalized to the base tunneling current as
of bias voltage for no heterostructure barrisolid line), the  a function of bias voltage for no heterostructuies., the
2.3/1.7/2.3 nm DBRTSdashed ling and the 10-nm single conventional BEEM result and for the 2.3/1.7/2.3 nm
barrier (dotted ling which were studied experimentally in DBRTS with the measured results of Ref. 11 at 77 K. The
Ref. 11. The middle and lower panels show the fitsiits, inelastic attenuation factor and the Schottky barrier at the
10"%V) and secondunits, 10°%V %) derivatives, with re- pase/drift interface were fit to the conventional BEEM data
spect to bias voltage, of the normalized collector currentsyithout a heterostructure but there were no additional adjust-
respectively. The second derivative curves in the lower panelpje parameters in the DBRTS heterostructure calculation.
of Fig. 2 closely rgsemble the transmission coefficients of therpe |ower panel compares the calculated second derivatives
DBRTS and the single-barrier heterostructure. To understang, he DBRTS heterostructure with the measured results of
this, we take the second o_IerlvatNe with respect to bias VoltRat 11. The calculation agrees quite well with the DBRTS
age taken of Eq(3). The primary voltage dependence of Eq. ya¢4 for bias voltages below about 1.3 V and describes fairly
(3) is due to the integration limits so its second derivative, q|| the first peak in the second derivative spectrum which

becomes results from tunneling through the resonant level in the
d21 (V) 1 2m DBRTS structure with no parameters adjusted for the
C —e d o dp/é DBRTS result. The agreement between the calculated and
d(ev)? A{(277)2 h° measured results for the DBRTS at bias below 1.3 V and for
d b the lowest bias peak in the second derivative spectrum veri-
o A(Ma/MK K fies the assignment in Ref. 11 that this current and peak are

x| e by, 907z | | 1 HSMall trms,  que to transmission through the resonant level of the

[(mg/m)k °+k °]

DBRTS. At bias voltages greater than about 1.25 V trans-
(4) mission into thelL valleys of GaAs becomes energetically
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possible(parallel wave-vector conservation must be brokenresonant peak show up as the well is further increased to 4.5
for transmission into th& valleys. For both the conven- nm. This result predicts how the collector current varies sys-
tional BEEM data without a heterostructure and for thetematically with the parameters of the heterostructure.
DBRTS heterostructure, there is additional current in the ex- For semiconductor heterostructures whose transmission
periment that is not reproduced by the model, which does ngéroperties are unknown, the application of BEEM techniques
include transmission into the valleys, at voltages greater can provide a powerful method to study these transmission
than about 1.3 V. An additional peak is seen in the secon@roperties. GaAs/Gal,_,As heterostructures have been
derivative spectrum at a bias of about 1.27 V. Because theygied by other methods and much is known about their
additional current and peak in the second derivative SpeGyansmission properties. These heterostructures can be used

trum occur at voltages that correspond to the GaAglley a5 fijters on the electron flux distribution to better character-
energy, they most likely result from transmission into thesg,e the BEEM process.

valleys. . We have extended the theoretical description of BEEM to
In Fig. 4, we show the calculated normalized collectorine stydy of buried heterojunctions. We have shown how the
current and second-derivative of the normalized collectoggjiector current and its bias voltage derivatives systemati-
current as a function of bias voltage for a series of DBRTS ingg)ly varies with the parameters of the heterostructure. The
which the width of the quantum well has been increaseqgicylated results are in good agreement with the measure-

from 1.5 to 3.0 to 4.5 nm. In all cases the barriers are 2.3 NMents of Ref. 11 for low bias voltages where tevalley
wide and 0.325 eV high. For the 1.5-nm well DBRTS, thereqominates the transport.

is a single, relatively wide peak in the second derivative

curve that results from transmission through the resonant We thank Professor V. Narayanamurti for extremely use-
level of the structure. As the width of the well is increased,ful discussions. The work was supported by the Los Alamos
this peak moves to lower voltages and narrows. A secondlational Laboratory LDRD program.
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