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ABSTRACT:

In this rescarch, refractive indices of the solutions of 1,2-dichlorocthanc with benzene, methylbenzenc
and 1,4-dimethythenzene were measured at 259C as a function of mixtures. Molar refractions of the solutions
were calculaied from measurcments of relractive indices at 25°C.

INTRODUCTION

The study of short lived complexes formed between polar solutes and aromatic solvents has gained
considerable importance recently [1,2]. The nature of these interactions is dependent on the physical
properties of the molccules involved. In order to look further, we measured refractive indices of these
mixtures and calculated molar refractions. Deviations from additive law for molar refractions may be caused
by association in mixtures. But they are not always good evidence of association particularly for weak
complexes. .

EXPERIMENTAL
Materials and Methods

'The liquids used for the measurements in this study were provided by the Merck and Reidel Companies
and their purity was 99 %. Refractive indices were measured using an Abbé refractometer. The refractometer
was thermostated by circulating water through it from a thermostat. The temperature was maintained constant
at (25.0 + 0.1)°C. The refractive indices of pure components arc recorded in Table I at 25°C along with the
corresponding literature valucs [3]. In addition, a temperature-controlled pycnometer was used in order to
measure the dengities of the pure components,
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Molar refraction is related to refractive index by the relation:

po (2D w | [1]
(n2+ 23 d

Molar refraction for a mixture is given L, the relation:

2

(i 1) (gl + XM [2]

mix ~ 2
(nmix+ 2) dmix

where npix and dpix are the refractive index and density of the mixture, x and xg are mole fractions, Mj
and My are molecular weights. The values of densities of the mixtures were obtained from. volume

measurements [4].
RESULTS AND DISCUSSION

The mixtures of varying mole fractions were prepared for the systems of 1,2-dicholoroethane with
benzene, methylbenzene, 1,4- dimethylbenzene and refractive indices of the mixtures were measured at 25°C.

_The molar refractions of the mixtures were calculated by the help of eq [2]. The refrective index and molar

refraction values of the mixtures are recorded in Table 1. In addition, molar refrection values have been

plotied in Figure 1.

Table I. Refractive Indices of Pure Components

Substan )

RIS Exptl. Lit. (3)
Benzene 1.4979 14979
Methylbenzene 5 1.4941 1.4541
1 ,4-DimcLhy}bcnz.cnc 1.4933 1.4932

1,2-Dichlorocthane 1.4421 1.4422
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1 Tmix Rmix(cmS) % Mmix Rmix(cm3)

(x1) 1,2-Dicholorocthane + {(x7) Benzene
0.0000 1.4979 26.203 0.6349 1.4625 22.860
0.1226 1.4911 25.544 0.7411 1.4565 22.315
0.2114 1.4961 25.068 0.8094 1.4527 21.972
0.3318 1.4794 24,433 0.9296 1.4460 21.370
0.4256 1.4741 23.939 1.0000 1.4421 21.022
0.5406 1.4677 23.342

(x1) 1,2-Dicholoroethanc + (x?)Memflbcnzcne
0.0000 1.4941 31.113 0.6472 1.4604 24.423
0.1138 1.4881 29.893 0.7512 1.4550 23.424
0.2282 1.4822 28.690 0.8365 1.4506 22.578
0.3092 1.4780 27.849 0.9198 1.4462 21.778
0.4305 1.4717 26.601 1.0000 1.4421 21.022
0.5216 1.4670 25.680

x1) 1,2-Di;holorocmzmc + (x9} 1,2-Dimethylbenzene
0.0000 1.4933 36.035 0.6272 1.4612 26.358
0.10.76 1.4877 34.308 0.7442 1.4551 24.891
0.2264 1.4817 32.439 0.8326 1.4507 23.380
0.3146 1.4771 31.069 09172 1.4463 22.177
0.4418 1.4706 29.122 1.6000 1.4421 21.022
0.5324 1.4660 27.762
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Figure 1.Plots of molar refractions (Rpjx) of the mixture against mole fraction (x1) of the
1,2-dichloroethane. '

The lines in the figure are drawn to make the best fit of the calculated values. From Figure 1 it is
cvident that the plots of molar refraction against mole fraction are linear within experimental error. These
systems do not possess a complexing nature. Only, there is a slight scatier of points from linear behavior in
the high concentration region of the polar compoﬁcn_r.s. The deviations from linearity are due to dipole-dipole
interactions. Because, although the aromatics are nonpolar, they possess Il-electrons which enable them to be
casily polarized. )
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ABSTRACT
Ubservation of phonons omiited by the clecions in GaAs-AlGaAs MODFET siraciures was used io
study some features of the iransperi thal are not normally accessible. In particular, two-dimensional (2D)

phon emission of the channel electrons, We beleive that, evidence was found for the creation of hot
(non-equilibrium} phonons from the carrier concentration dependence of the phonon emission.

OZET

Gahs-AlGaAs MODFET yamlanmin normal meiodiarla ulagilamayan ve transportla ilgili baz
Gzellikleri, kanalr olugturan elektronlarn fonon emisyonu kuilanitarak galigild. Ozellikle, bu aygitlarm
kanallann: olugturan elektronlanin fonon emisyonu incelenerek elektron gazinin Z-boyutlu davramsian
3-boyutly davramiglarindan ayirt cdilebildi. Fonon emisycnunun tasyict konsantrasyonuna baglhlifindan,
sicak fononlarin oluglurulmasm‘a ait delif buldugumuza inaniyoruz.

1. INTRODUCTION

The interactions between electrons and phonons play an important role in modern semiconductor
devices, especially through the cnergy loss process which determines carrier mobility [1]. In
modulation-doped heterostructures, where elastic scaitering by ionised impurities is weak, at high electric
field it is the emission of polar optic phonons which limits the mobiity, whilst low-field mobility at low
temperatures is iedermined ultimately by the interaction with acoustic phonons [2] Direct observation of the
phonons which are involved in the scattering processes is capable of yielding valuable information regarding
detailed mechanisms which complements and enhances that obtainable from mobility mcasurements. Instead
of the everages taken over all phonon polarisations, directions and coupling parameters that are involved in
the mobility data, direct phonon data possess spatial and temporal resolution through which the detailed
physics of the interaction with phonons of different types can be probed [3]. In the present paper, we show
how a study of the phonons can be used to assist the modelling of heterostructure-based devices, in particular
the modulation-doped field effect transistor (MODFET) [4].

* The experiments were carried out in the University of Lancaster, UK.
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3 THE SAMPLES AND EXPERIMENTAL DETAILS

The normally-on (depletion- type) MODFE™ 4 1o these experiments veere fabricated from
heterostructures grown by Molecular Beam pru_\\ U»‘*’Bz ; on <80 pm thick sem’- insulating Gaas
substrates, polished on both faces. Figure 1 gives 4 4 schematic oo ootivnal view of i L tur
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Figure 1. Schematic cross-sectional view of a typical MODFET.

The devices themselves were produces by photolithography and had a gate lenght of 35 pm and width
of 65 pm with total source-drain seperation of 45 pm. To detect the phonons, several 69265 pm
quperccmducung aluminium bolometer paiterns were defined on the opposite side of the wafers at various
angles relative to the normal of the MODFET using an infra-red mask alingner. The carrier concentration and
mobility of the basic heterostructure were dclenmncd usmg the van der Pauw-Hall technique and found to be
23 x 1013, 3.3 x 105 m2 and, 0.81, 19.6 m? V -1 s at temperatures of 300 K and 77K, respectively.

In figure 2, the room lemperature characteristics of the particular MODFET, to which the phonon data

relate, is shown.
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Figure 2: The characteristics of the device obtained by using a conventional AC technique,
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to the usual capacitance relation [5]
= ._._.._C %4 V- v
n(x)= 7 {Vp - T- (x)] (1)

where C is the capacitance per unit area beiween the channel and gate, calculated o be 1. 14x10- Fm-2 in
the paﬂgcular device studied, the electronic charge, n (x) is the sheet carrier concentration, and V (x) is the
polential ai a distance x along the 2 DEG channel. From the room temperature characteristics we measured :
thereshold voltage Vp of-1.0 V , whilst at about 1.5 K a value of -0.3 V was determined from the phonon
emission data, as will be discussed below. The shift in the threshold voliage is attiributed to the changing
occupation of deep donor traps, DX centres, which are gresent in the AlGaAs layer [6] and this interpretation
was supporied by the cbservation of the effect of light. When the device was ilisminated an immediate
Increase vas seen in both phonop signal and drain current with a recovery tims of a few seconds, Generally,
kowever, the sample was held in the dark since the light caused sample haating which prevenied accurate
temperaiure stabilisation. The simple charge control medel is valid onty up (o 2 critical gate vollage, above

[ 71 AlGaks causcs a (i) and hence drain corrent o saturate. There is
uncertainty ac to the effect of furher increasing V g- it has been su rgesicd that, depending on the exact
structure, this m'ay resuit either in population of the doned AlGaAs layer (MESFET conduction) [8), orina
rapid increase of carricr concentsation in the 2DES channel [9], We shall see that phonon experiments are

able to yield significant information on this guestion,

In order to study the emitted phonons, the carricrs were excited by short (10ns) voliage pulses applied
between source (carthed) and drain, whilst the gate-source potential was kept fixed. A 50 ohm resistor was
connected in parallel across the source drain for improved (bul stilf imperfect) matching to the transmission
line. The pulses had 10 be short enough to allow time resolution of different phonon polarisaiions and spatial
of different phonon directions. However, 10 ns is still slow compared 1o the dynamics of the carriers, so that
they could stili be regarded as being in equitibrium. To detect the phonons the Eempcraﬂz_rc was stabilized on
the superconducting transition of the Al bolometers ( ~1. 7K) with a bolometer resistance of 50 ohm for
maiching. Detected signals were pre-amplified by a B and H 3GHZ-wide bandwith amplifer and captured,
averaged and stored by an EG and G digial boxcar integrator.

3.RESULTS AND DISCUSSIONS

A typical signal from the bolometer directly opposite the MODFET following a 1 V excitation pulse
is shown in figure 3.

The-main feature is a broad peak whose arrival time corresponded to the transverse acoustic (TA)
" phonons. A bolometer at an inclination of 30°, on the other hand, showed an additional smaller peak, which
corresponds 1o the velocity of longitudinal acoustic (LA) phonons. The presance of the LA signal only on the
30° bolometer was related to the anisotropy of the piezoelectic coupling. Increasing the power input to the
electrons increased the magnitude of the signals with no significant changes in signal shape or arrival time.
Phonons could be detected for all source-drain pulse amplitudes greater than 50 mV, corresponding to power
dissipation in the channel of less than 10 [T
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Figure 3: Typical phonon emission signal for 9 = 0° bolometer.

At this level the phonons are expected to be accoustic in character, with a thermal distribution of
encrgies, whilst at higher voltages the emission of the zone centre longitudinal optik mode of energy 36 meV
predominates. However, such phonons decay rapidly (~7 ps) into LA phonons, which themselves
downconvert into lower {requency TA phonons [10]. In addition, for frequencies above 1THz, isotopic
(Rayleigh) scatiering prevents ballistic propagation {11]. Thus for all but the very lowest excitation voliages
and certainly in the normal regime of operation of the MODFET as a device, the phonon (TA) flux is
thoroughly randomised and contains little spectral information about the original emission process. Because
of the finite paraéiu'c resistance of the source and drain contact pads, the volage dropped across the channel
wouid be significantly different to that applied to the drain. The actual potential difference could be inferred
from variation in phonon signal with drain voltage, by making the reasonable assumption that the total
phanon power, integrated over zll polarisations, i requencies and directions within the TA feature of Figure 3,
was directly proportional to the electrical power dissipated within the MODFET channel. "Clearly, a
significant amount of energy must also be dissipated by the resistance of the contact pads. However, the
resulting phonons arriving at the bolometer were undoubtedly spread out over 2 much longer time interval
than the main TA peak. This would be expecied, firstly, because the pad areas are much larger than the area of
the 2 DEG channel so that pulses will suffer considerable geometric broadenning. In addition, the phonons
will be generated purely by Joule heating in very low region in which phonons and electrons are in thermal
equilibrium, as opposed to the direct emission by the 2DEG. Finally, because of the very high defect density,

the emitted phonons will suffer strong diffusive scattering and hence delay in arrival time,

As a transistor, the MODFET is normally operated for maximum transconductance in the charge
control regime defined by [1]. However, there has been considerable interest in attempting to understand the

physics that prevents the unrestricted increase of n(x) through furher increasing V,, .
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Figure 4: Gate voltage deperdence of the emitied phonon signal, AV,

Figure 4 shows for our MODFET the data for the phonon signal, AV, versus V, taken in this range.
with pulse drain voltage, Vp , constant at 3.0 V, that is, in the saturated regien of the characteristic. The
flattening of the phcmon.curve is weil konwn (o be due to the ncutralisation of Si donors in the AlGaAs [71.
and it is clear that, apart from deviations due to the pa.raéitic resistances, the phonon signal also mirrors this
effect. The voliage defining the end of this plateau is given by [8). .

o g
C

Where r, is the equilibrium 2DEG concentration, obtained when the AlGaAs contains a significant

V= )

region in which the conduction baad is flat. For our device, n, is calculated to be 5.4 x 10'5m-2 and hence
Vp =071 V. - '

It is less clear what happens as Vg— is increased beyond V,, ; two different effects are predicted,
depending on the exact structure of the device. Firstly, when Vg approaches Vg, the gate-Schotiky barrier
height, the appearance of gate current is expected?. In our experiments, this was observed both directly, and
as a discontinuity in drain current, which otherwise remains constant. Secondly, it has bzen predicted that, as
Vg increases beyond VP, the conduction band itself in the AlGaAs falls below the Fermi energy, resulting in
increased carrier concentration in the AlGaAs, and hence parallel conduction, At the same time the 2DEG
concentration is expected 1o remain constant at the equilibrium value [7-9].

Our date are not at first sight consistent with this model. Although the total drain current observed
does increase slightly with increasing Vg, the 2DEG channel current as indicated by the phonon signal-the
smiall corrections for the changes that cocur in voltage across the channel as its resistance varies do not effect
this conslusion-falls rapidly. Clearly, this decrease in current might indicate a decrease in either carrier density
or mobility.
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An alternative possibilily, proposed by Ponse et al [9] on the basis of a model in which guasi-Fermi level
bending is taken fully into account; is that the 2DEG carrier density actually increases for V, > VP. The
argument is that the carrier density in the regime is controlled by the gate diffusion (drift} current, not by the

gate vollage.

Then the explanation for the decrease in phonon signal in this regime is sought in terms of a change
in carrier mobility rather than in carrier density. The ebservations would then be exlained in terms of the sihft
between elastic and inelastic scattering contributions [12] , pty and i respectively, o the total mobility, b,

of the carriers. By Matthiessen's rule.
pl=pptepy ®)

If the number of 2DEG carriers is constant, then the drain current is determined by jt, whereas the emitted
phonon power gives a handle directly on ul,-since phonon emission is the mechanism of energy loss by the
electrons. The primary effect of varying V, would be o increase iy, thus decreasing phonon emissicn, whilst
decreasing |ig by a similar amount and thus keeping i, and hence current approximately constant. A possible
explanation of the change in mobility is that the rapid increase in 2DEG carrier concentration proposed by
Ponse it ai®, results in 2 hot phonon bottleneck [13-14], thus inhibiting optic phonon einission by the
electrons and resulting in an increased p, such a conclusion would be extremely interesting since “hot

phonons”, have not been directly observed before.

In summary, the emission of the phonons was studied in a MODFET structure. The gate voltage dependence
of the phonon emission demonstrated a very clear transition from a 2DEG channel to a 3DEG one. By
studying the emission data, we were able 10 extract information about the transport parameters in a MODFET

device.
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