THE UNIVERSITY OF

WARWICK

University of Warwick institutional repository: http://go.warwick.ac.uk/wrap

This paper is made available online in accordance with
publisher policies. Please scroll down to view the document
itself. Please refer to the repository record for this item and our
policy information available from the repository home page for
further information.

To see the final version of this paper please visit the publisher’s website.
Access to the published version may require a subscription.

Author(s): J. R. Barker, M. Mudares, B. R. Snell, P. S. S. Guimaraes,
D. C. Taylor, L. Eaves, and G. Hill

Article Title: ~ Validation of magnetophonon spectroscopy as a tool for
analyzing hot-electron effects in devices

Year of publication: 1985

Link to published version: http://dx.doi.org/10.1063/1.96175

Publisher statement: none


http://go.warwick.ac.uk/wrap
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Barker%2C+J.+R.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Mudares%2C+M.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Snell%2C+B.+R.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Guimaraes%2C+P.+S.+S.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Taylor%2C+D.+C.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Eaves%2C+L.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&possible1=Hill%2C+G.&possible1zone=author&maxdisp=25&smode=strresults&aqs=true
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&ONLINE=YES&smode=strresults&sort=chron&maxdisp=25&threshold=0&possible1zone=article&bool1=and&possible2=warwick&possible2zone=aff&OUTLOG=NO&viewabs=APPLAB&key=DISPLAY&docID=74&page=3&chapter=0
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&ONLINE=YES&smode=strresults&sort=chron&maxdisp=25&threshold=0&possible1zone=article&bool1=and&possible2=warwick&possible2zone=aff&OUTLOG=NO&viewabs=APPLAB&key=DISPLAY&docID=75&page=3&chapter=0
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&ONLINE=YES&smode=strresults&sort=chron&maxdisp=25&threshold=0&possible1zone=article&bool1=and&possible2=warwick&possible2zone=aff&OUTLOG=NO&viewabs=APPLAB&key=DISPLAY&docID=76&page=4&chapter=0
http://scitation.aip.org/vsearch/servlet/VerityServlet?KEY=APPLAB&ONLINE=YES&smode=strresults&sort=chron&maxdisp=25&threshold=0&possible1zone=article&bool1=and&possible2=warwick&possible2zone=aff&OUTLOG=NO&viewabs=APPLAB&key=DISPLAY&docID=76&page=4&chapter=0
http://dx.doi.org/

Validation of magnetophonon speciroscopy as a too! for analyzing hot-

electron effects in devices
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G. Hill
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(Recetved 15 April 1985; accepted for publication 31 May 1985)

It is shown that very high precision hot-electron magnetophonon experiments madeonn*n—n™-
GaAs sandwich device structures which are customized for magnetoresistance measurements can
be very accurately modeled by a new Monte Carlo technique. The latter takes account of the
Landau quantization and device architecture as well as material parameters. It is proposed that
this combination of experiment and modeling yields a quantitative tool for the direct analysis of
spatially localized very nonequilibrium electron distributions in smail devices and low

dimensional structures.

In this letter we present a series of longitudinal magne-
toresistance measurements and Monte Carlo simulations on
short (=~few microns) n*"n~n*-GaAs mesa structures. Re-
markably good agreement is obtained between the calculat-
ed and experimental data. The Monte Carlo method, which
is a new precision variant of the ensemble method, accounts
for both the magnetic field dependence of the monotonic
background over a wide range of applied electric field and
also of the weak, but well-resolved magnetophonon reso-
nance structure superimposed upon this background. in
particular, the observed electric field dependence of the am-
plitudes of the conventional and pseudoresonance magneto-
phonon peaks are accurately reproduced in the Monte Carlo
simulation. Exceptionally high precision is required in both
the experimental measurements and the simulation because
the oscillatory components can be less than 0.1% of the total
response. The complexity of the magnetophonon structure is
well known'™ and for the technique to be fully exploited it is
crucial to have a precision theoretical interpretation of the
data. For this purpose we have made a detailed test study of
the hot-electron longitudinal magnetophonon effect in de-
vices fabricated as n* n~n* -GaAs sandwich structures with
active layer thickness 5~9 um for Eup to 5kV/cm and B up
to 12 T over the temperature range 77-300 K. Although the
magnetophonon oscillations were found to be extremely
weak, less than 0.1% of the background, a large number of
damped resonances were detectable including a hitherto un-
reported strong electric field dependent pseudoresonance
structure close to the half-integer resonance conditions.

Magnetophonon resonance occurs at magnetic fields
given by Nfiw. = NfieB /m* = fiw, , where fiw_ is the cyclo-
tron energy, m* is the electronic effective mass, and fiw, is
the energy of the longitudinal optical {LO) phonon mode at
the center of the Brillouin zone. In the longitudinal configu-
ration minima usually occur at the resonant fields given by
the above expression. For ohmic conduction the minima
arise from the competition between elastic and inelastic LO
phonon emission processes in limiting the longitudinal car-
rier momentum. At higher electric fields the resonant struc-
ture becomes dominated by processes which derive from res-
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onant energy relaxation when carrier heating becomes
important.® In addition, auxiliary structures known as pseu-
doresonances are also observed in p,, at magnetic fields giv-
enby 2#w, = Mfw, (M = 12,3, ...). Thelatter derive from
an additional resonance which is determined by an interplay
between LO phonon absorption and emission processes in
limiting the longitudinal carrier momentum.>*

The structures were in the form of n*n~n* sandwiches
prepared by liquid phase epitaxy. An active layer of lightly
doped GaAs (1 X 10" cm™?) was grown on the top of a 100-
pum-thick n™* substrate (2 X 10'® cm~?). Samples with active
layer thicknesses of 5 and 9 um were investigated. The top
layer was 0.3 um thick with n* = 2 10'” cm~>. Photolith-
ography was used to form mesas with a diameter of 0.1 and
0.2 mm. The electrical contacts to the sample were made via
Au-Ge alloy layers.

For measurements of p,,, the above geometry has con-
siderable advantages over measurements involving current
from the plane of an epitaxial layer. In particular, bending of
current lines® due to contacts and doping inhomogeneities is
avoided as is pinch-off of the conduction channel by deple-
tion at the surface and substrate interface.

The experiments were simulated using the ensembie
Monte Carlo method as the basis for full device modeling
which took into account Poisson corrections for the local
electric field distribution throughout all the layers of the de-
vice. This procedure is essential to establish the nonlinear
relation between the local voltage distribution in the device
and the applied bias. Separate calculations based on bulk
boundary conditions were found to be inadequate and led to
approximately 10% errors in the background magnetoresis-
tance. The ensemble technique used 75 000 test particles for
each simulation where the intercollisional dynamics and
scattering rates were computed for collision-damped Lan-
dau states for electrons in a three-valley (I'-L-X ordered)
nonparabolic model of GaAs. We believe that this is the first
occasion on which Monte Carlo calculations have been per-
formed for magnetically quantized states. It was found suffi-
cient to evaluate the electron distribution among up to 10
Landau levels. The magnetic field dependent scattering rates
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FIG. 1. Measured (thin curve) and theoretical (thick curve) magnetoresis-

tance (140 K) of an n*n™n* -GaAs sandwich structure for a constant cur-
rent 10 mA.

were evaluated for polar and nonpolar optical phonon scat-
tering, elastic acoustic, and piezoelectric scattering, /L /I~
X /L-L /X-X intervalley scattering, and ionized impurity
scattering (material parameters, corrected to the appropriate
temperatures, were based on Refs. 6 and 7). Collision damp-
ing was assumed to be approximated by a Lorentzian spec-
tral density function with a damping factor g = 0.3. Very
high convergence was achieved by deploying an iterative
scheme in which the starting electron distribution for each
successively incremented magnetic field strength is selected
as the steady-state distribution evaluated at the previous
magnetic field value.

The experiments were performed in a constant current
mode so that the voltage drop across the sample is propor-
tional to the magnetoresistance. The Monte Carlo simula-
tion of the constant current mode was obtained by a decon-
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FIG. 2. Measured {thin curve} and theoretical (thick curve) oscillatory com-
ponent of magnetoresistance as a function of applied bias. (a) Constant cur-
rent 10 mA,; (b) constant current 20 mA,; (cj constant current 40 mA.
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FIG. 3. Amplitude dependence of the M = 5 pseudoresonance at 140K as a
function of applied voltage. (O) Experiment; (full curve) theory.

volution from ensemble calculations based on a constant
voltage mode. Figures 1 and 2 compare the theory and ex-
periment over a representative range of current values which
correspond to weak [Figs. ! and 2(a)], intermediate {Fig.
2(b)], and high [Fig. 2(c)] electric fields. As can be seen from
Fig. | the agreement with the overall magnetoresistance
R (B)is very good. Inspection of the figure also shows that the
oscillatory component is extremely weak (<0.19%). The os-
cillatory structure is revealed in Figs. 2(a}-2(c) by subtract-
ing from R (B) a cubic fitting function F,{B). It must be
stressed that the same F;(B ) is used to extract the oscillations
in both the simulated and experimental magnetoresistance.
Again, the agreement between theory and experiment is very
good for both the overall amplitudes and the harmonic con-
tent of the oscillations.

A particularly interesting feature of the results is the
observation of the strong electric field dependence of the
M =5 pseudoresonance magnetoresistance minimum at
about B = 9 T. The amplitude dependence of this feature on
applied voltage (and electric field) is illustrated in Fig. 3. The
observed rise and fall of the amplitude which are accurately
simulated by the Monte Carlo method may be gualitatively
explained as follows. The decay of the amplitude at high field
is associated with the buildup of strong streaming of the elec-
tron distributions in each Landau leve! which moves carriers
away from the pseudoresonance condition. This result is
consistent with an earlier and less substantial rate equation
calculation.®® In addition, the relative weakening of LO
phonon absorption compared to LO phonon emission pro-
cesses also contributes to this effect. The rise in amplitude at
weak to intermediate electric fields is consistent with the rise
in the electron temperature {correlated with the symmetric
part of the electron distribution) which may be understood
on the basis of the elementary ohmic theory described else-
where.>*

To summarize, this letter shows that high precision ex-
periments on device structures which are customized for
magnetoresistance measurements can be very accurately
simulated by Monte Carlo methods which take account of
both the material parameters and the architecture of the de-
vice. Even in these relatively simple structures the interac-
tion between the n* contact regions and the active layer
plays a significant role in the interpretation of the device
response to applied voltages and magnetic fields. This vali-
dation of magnetophonon spectroscopy as a guantitative tool
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for analyzing hot-electron effects offers hope that the tech-
niques may be used to directly measure the spatially local-
ized, very nonequilibrium processes which occur in submi-
cron devices. It should be possible, for example, to obtain
resonant energy relaxation via surface and interfacial optical
phonons, thus providing a direct probe of both the interfaces
and the electron distributions.

This work is partly supported by the Science and Engi-
neering Research Council.
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Laser-induced photochemical etching of SiD, studied by x-ray photoelectron
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Thermally grown SiO, on Si and quartz wafers have been photochemically etched in an NF, gas
containing 0-4 mo] % hydrogen by using an ArF excimer laser {193 nm in wavelength)
irradiation. In situ x-ray photoelectron spectroscopy of the etched surface at each step of the
photochemical reaction and in situ infrared absorption measurements of the etching gas have
revealed the elementary process of etching reactions on the surface and the resulting products in

the gas phase.

Photochemical reaction inherently induces smaller
damage on the solid surface than plasma reaction in which
the high-energy ion bombardment tends to cause the surface
damage. Since laser beam can be easily focused in small di-
mensions and also can be projected onto the surface through
amask pattern, selective photochemical deposition, etching,
and doping can be accomplished. These features of photo-
chemical processes are potentially important for the future
process technology to fabricate very large scale integrated
{VLSI) circuits. Laser-induced etching of SiO, has been at-
tempted by Steinfeid ef al.' in CF,Br by CO, laser irradia-
tion. In this case CF,Br was dissociated by vibrational exci-
tation and the created radicals react with SiO,. Houle and
Chuang? have also achieved SiO, etching in Cl, by Ar laser
irradiation, and they claimed that thermal reaction rather
than pure photochemical reaction seems to be dominant.

In this letter the kinetics of photochemical etching reac-
tions of Si0, in an NF, + H, gas mixture by ArF excimer
laser irradiation has been studied by ir situ x-ray photoelec-
tron spectroscopy (XPS) together with infrared (IR) absorp-
tion measurements of the etching gas.

An ArF excimer laser light (193 nm in wavelength) with
a pulse energy of ~ 7.7 mJ/{cm? shot) from Lambda Physik
EMG 103E was irradiated at a repetition rate of 80 Hz onto
Si wafers covered with thermally grown SiO, with thick-
nesses of 10300 nm or onto quartz sheets (0.3 mm in thick-
ness) in NF; containing 0—4 mol % hydrogen. The tempera-
ture rise of the Si substrate due to laser irradiation is
estimated to be less than 40 °C.> NF, gas has currently been
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used in the plasma etching of Si and SiO,, and a mixture of
H, gas with CF, has aiso been employed for improving the
etching selectivity of SiO, with respect to Si.** The absorp-
tion coefficient of NF, gas was measured in advance to deter-
mine the optical absorption cross section at 193-nm irradia-
tion. The result yielded a cross section of 5.3 107%' cm?.
The oxide thickness on the silicon substrate at each step of
etching was measured by the infrared absorption intensity of
the Si~O stretching mode at 1060 cm ™' as well as by the
multibeam interferometry. Etched pattern of SiO, was di-
rectly observed by scanning electron micrograph (SEM).
The x-ray photoelectron spectra of the phototreated SiO,
surfaces were measured using a Shimadzu ESCA750H spec-
trometer in which the specimen can be transferred from the
reaction chamber to the ultrahigh vacuum XPS chamber
through the two gate valves, and the chemical bonding fea-
ture of the SiO, surface was analyzed. A detailed description
of the XPS system is given elsewhere.® The in situ infrared
absorption spectra of the etching gas in the reaction chamber
were also measured to identify the etching products in the
gas phase. The etching rate of SiO, was measured for various
configurations between the incident laser beam and the SiO,
surface. 1t is found that when the SiO, surface is photopro-
cessed for 60sin NF; + H, at a low pressure {NF; = 480 Pa,
H, = 20 Pa), followed by photoprocessing at an atmospheric
pressure (NF, = 9.8 X 10* Pa, H, = 2.6 X 10° Pa), the photo-
chemical etching reaction of SiO, promptly starts to pro-
ceed, while without preirradiation at low pressure the incu-
bation time of more than 120 s is necessary for initiating the

985 American Institute of Physics 389




	ADP1B1.tmp
	University of Warwick institutional repository: http://go.warwick.ac.uk/wrap


