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ANNOTATION

This study shows that, by elither classical or low=temperat=
ure epitaxial growth techniques, it 1s possible to control the
deposition af buffer layers of GaAs on semi-insulating substrates
and to obtain the resistivity and purity desired.

Original methods of characterization, such as photohall ef-
fect and spectroscopy of shallow or deep levels as a function of
deptl, reveal two regions in these layers: one very pure and of
high mobility, the other, called the "dead layer", closer to the
substrate, which 1s highly resistive and strongly compensated.
This compensation was attributed to diffusion of shallow accept-
ors (C,Cu) and of deep centers (Cr or Fe) from the interface.

Implantations of Se+ in these layers has led to the reali-
zation of PET devices the performance of which shows a marked
improvement with respect to direct implantation into the substrate.




INTRODUCTION

The interest of GaAs for integrated circuits has been con-
firmed since this study was first proposed. At the same time it/i#
has become apparent that the progress toward device realization
has begun to be increasingly limited by the materials. While the
classical epitaxial layers (about 0.2ym thick,11=1017 atom/cm3)
are well suited for technological studies [1] and for first real-
izations [2], [3], in SSI or MSI, the more interesting extension
to LSI requires the use of "normally-off" transistors, which re-
quire very thin active layers ( 20.1 um). It seems today however
that the best method-if not the only possible one-for obtaining
these layers would be ion implantation.

For lon implantation, progress seems to be particularly lim-
ited by the substrates. A significant effort has already been
made at RTC to lmprove the quality and the homogeneity of crystals
obtained by the Bridgman method. Nevertheless, this material re-
mains still insufficiently known and controllable, which does not
permit today a reproducibility sufficient for circuits of high
density of integration. In addition, the same problems exist for
foreign manufacturers; only one Japanese supplier (Sumitomo) seems
to have found a good compromise for the substrates intended for
implantation. Some actions have been undertaken or are envisaged
to amellorate this situation-notably by the utilization of Czoch-
ralsky pulling but success does not yet seem to be at hand.

It is in this context that we have written our study "Growth
and characterization of epitaxial layers of GaAs of high resistiv-
ity for ion implantation", that is, the study of epitaxial wbuf-
fer" layers of several microns, purer and more easily controllable
than semi~-insulating substrates, and in which the implantation can
therefore be carried out under the best conditions.

®¥Numbers in margins indicate foreign pagination




The general objective was to understand the properties of
this layer, partly by means of dlagnostic characterizations and
partly by establishing a correlation between the crystal proper=-
ties and the conditions of growth. Afterwards, layers of high
resistivity of the best quality should be tested in ion implan=-
tation.
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I - CONDUCT OF THE RESEARCH /6

The progress of the work conformed to the proposed plan. We
will present this progress in terms of the two large axes of the
research: growth and characterization,
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The following participated in this study:

Michel Boulou (Cathodoluminescence)
Jean-Marie Durand (Low-temperature epitaxy)
Jean Hallais (Coordination with implantation)
Laszlo Hollan (Growth)
| Chantal Hurtes (Ensemble of characterization)
i Genevieve Mannechez (Technical assistant for growth)

% Spectroscopic measurements of traps (OTCS) were carried out
on the DLTS equipment and with the aid of MM, Mitonneau and G. M.
Martin, implantations were carried out by MM, Favennec and Pelous
(CNET), the annealing of implanted samples by M. Venger, and the
field-effect transistors by the team of D, Boeccon=-Gibod.

In order to present the problems as completely as possible,
we have been led to include in this report certain results obtained
prior to the contractual period.




I -1, Method of Growth /7

Two methods were utilized for the growth of high resistivity
epitaxial layers.

I-1.1, (Classical Method AsCl,/Ga/H, [4]

3

The principle consists of transporting gallium by arsenic
trichloride in a current of hydrogen.

The deposition temperature TD is normally in the neighborhood
of 750°C., It is possible to lower it to 700°C [5] and even below
[6]. However, below 700°C the operating conditions become very
critical and the results quite unreproducible. Most of the stud-
ies were carried out dbetween 750 and 770°C, with several growths
at 720°C,

In addition, the use of argon as a vector gas instead of hy-
drogen has permitted the growth temperature to be lowered to 650°C,
80 that the influence of TD can be studied over a very extended
range of values,

In this method, DiLorenzo [7] showed that the residual doping
is due principal.y to silicon. This can be reduced by increasing
the partial pressure of HCl, by means of that of AsCl3. The mole
fraction of AsCl3 (MF-Po-d). equal to the partial pressure of AsCl3
multiplied by the dilution is a second important parameter. The
use of this method [8], which has an interesting variant developed
by Nozaki [9] has led to our obtaining epitaxial layers of which
the residual doping is on the order of n=101 at .cm'3 and which /8
presents elevated mobilities at low temperatures(u77 X =90 to

150,000 em®v-2s"1),

However, certaln aspects related to this technique of growth
have not thus far been the object of special study. Thus problems
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such as the reproducibility at high MF, the influence of the sub-
strate, of the duration and the temperature of growth have been
studied in the course of this contract by means of a significant
number of tests.

I=-1.2, Low-temperature method AsCl3/GaAs/H2

This "low-temperature" method [6] is based on the transport
of solid GaAs by AsCl3 in a hydrogen current. It was developed
in our laboratory. The deposition temperature TD is around 630°C.

If the s0l1id polycrystalline material used as a source of
GaAs is conveniently doped with Cr, the epitaxial deposit has an
elevated resistance, Thia is obtained not by reducing the resi-
dual doping n as in the classic method, but by compensation of
this residual doping. The intrinsic purity of these epitaxial
layers is thus a priori low. Practically, in this case, the car-
rier mobility at low temperature (77°K) does not exceed 30,000

emv-ls—l,

On the other hand, this method is better adapted to indus-
trial development. 1Its utilization is easier, and it allows one
to overcome problems related to the saturation of Ga (instability
of the crust of GaAs formed).

Furthermore, lowering the source and deposition temperatures
diminishes contamination by silicon [7] and 1limits the influence
of the substrate,

Finally, i1ts utilization has led to good results in terms of
devices [6].

Before evaluating, for implantation, the interest of these
layers which generally present a high resistivity, we should de-
fine what is mean by a "dead layer.,"




I -2, Definition of the dead layer /9

The first result of this research was the definition of two
types of buffer layers (which may or may not be present simultan=-
eously), the "dead layer" and the n- layer. This observation
has since been confirmed by DiLorenzo [5].

- Epitaxial layers of high purity and on which one measures
elevated mobilities at low temperature are called n layers (with
015). The ambiant resistivity of these layers in general does
not exceed 10 fiem,

- Epitaxial layers of a priorl unknown purity, presenting a
high resistivity (p 3_103 ficm) are called "dead layers".

This high resistivity is explained by strong compensation in
the layer, intentional or accidental, due to either the growth or
the substrate.

It was thus necessary to understand better the nature of the
"dead layer" and we have had recourse to several means of chara-

cterization,

I - 3, Characterization techniques /1¢

The most important parameters to study in these buffer layers
are the mobility and the doping level, which justified intencive
use of Hall effect measurements,

However, for interfacial zones of very high resistivity, clas-
sical electrical measurements were not usable, and we had to de-
velop other original methods, which included the photo-Hall effect
and spectroscopy of traps using optical excitation.

Complementary analyses of cathodoluminescence were also car-

ried out.
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These different techniques have permitted us to carry out:

= measures of mobility and doping
= analysis of deep traps
shallow traps present in the material.

At the same time, the evolution of electrical parameters and
the presence of shallow or deep impurity levels were followed as
a function of depth in the epitaxial layer.

I - 3.1, Hall Effect

The classical technique of Van derPauw [10] was used.

Samples cut into clover shapes were subjected to successive
etches in a solution of stou/uzoz/ﬁzo (5/1/1), the etched thick-
nesses being carefully controlled. The measurement was automated.
A magnetic fileld of 3kG was used, and the sample was placed into
the dark.

Profiles of mobility and doping in the n~ layers were thus
obtained at 300°K and at 77°K (figure 1).

It should be noted that the Hall measurement represents an /11
average over the entire thickness of the epitaxial layer (includ-
inz the very resistive part).

A differential calculation (Appendix 1) has furnished us
with a correction to the profiles (“:3. 2). Comparison of the two
Hall measurements before and after etching permits in fact the
measurement only of the contribution of the etched layer.

The levels of doping and of real mobility thus calculated
point by point are certainly superior to the averaged measured
levels, since the correction allows for the abstraction of the
strongly resistive and slightly doped sublayers.




For quantitative analysis of these mobility profiles it will
thus be necessary to carry out this correction [11].

A correction of the doping level which 1s simpler but at
the same time coarser has been used in certain cases., It consists
in taking only the thickness of the n~ conducting layer as the
sample thickness for the Hall measurements,

Since, by the Hall analysis, regions of very high resistivity
of buffer layers are not measurable, we have utilized the photo-
Hall effect.

I-3.2. Photo Hall

This technique is similar to the classic Hall effect but in
addition carriers are generated by illumination. One can hope to
deduce the mobility from it, but obviously not the number of
free carriers n, which i1s modified by the injection lighti.

This type of analysis has been utilized especially by Bube /12
[12] dut in a different context from ours here (essentially he
studied the evolution of the mobilities with wavelength on solid
GaAs).

- Experimental arrangement (fig. 6)

The 1light, here supplied dby a US5W tungsten filament lamp,
passes through a convergent optical system (with the interposition
of the filter according to need), is reflected from a plane mir-
ror fixed to one of the pole pieces of the electromagnet and
strikes the sample.

For measurements at 77°K, the sample is placed in a windowed
Dewar and immersed in 1liquid nitrogen. A monochromator c¢an be
added to the installation.




The same techique of successive etchings as above gives the
mobility profiles in the n~ and dead Jayers at 300 K and 77 K
(figs. 7 and 8) since for these latter the measurements had be-
come impossible in the dark.

- Validity of the method

At first we controlled the validity of the mobilities obtained
by this method by comparing them with a partially conducting
layer (fig. 2).

We observe then that the light slightly increases the mobi-
lity. o

Over the totality of measured samples, an increase of 5 to
2C% was found in the measurements at 77 K and less than 10% for
the measurements at ambient temperature

Similar effects have been demonstrated by Paesler et al.
{13] for temperatures from 15°K to 80°K.

This effect, still visible at 77°K, can be interpretéd as a /13
diminution of the diffusion of electrons over the ionized impur-
ities as the i1llumination modifies the charge states of the traps.

A “’J‘\{-)A’ ¢ e

At 300°K the effect of 1llumination is weaker because:

- first, mis less sensitive to ND + NA

- second, at ambient temperature, the probabllities of ther-
mal emission become such that the 1ight only sllightly modifies the
population of the traps.

We have also determined that the variation of illumination y
intensity does not have a noticeable effect on the mobility.
remains nearly constant over a large range of illumination (approx-
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imately from ¢ to ¢/100), then causes a fall to the value meas-
ured in the dark (in those cases where fthe latter measurement is
possible) (fig. 9).

Having by these analyses gained knowledge of the principal
electrical parameters of these buffer layers, it proves useful
to study the nature and the behavior of the impurities present,
To do this we have developed a technique for the characterization
of traps in strongly resistive materials [14] (also useable for
solid semi-insulators) for which capacitive methods are not ap-
plicable.

I - 3.3. Trap_spectroscopy by current_transients with
optical excitation

- Experimental method

= This consists of injecting electrons and holes into the traps /14
1 | by means of a pulsed light source and to analyze their untrapping

by measuring the transient current between two contacts, ohmic

if possible,

By analyzing the time constantt as a function of temperature,
it 1s possible to deduce the characteristics of the traps. To
facilitate the analysis we have adopted a method of signal treat-
ment identical to that used in classical D.L.T.S. [15]. After
each light pulse, the current 1s sampled at the instants tl and t
averaged over several periods, and the difference <‘“1’ -1(:2))

2’

restored in the form of spectra as a function of temperature.

Practically, this was accomplished by using the D.L.T.S. op-
tical apparatus already existing in the laboratory [16] with the

necessary modifications for current measurement (fig. 18).
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The signal 18 treated by a HP 9821A computer. The sample is
located in a variasble-temperature cryostat (-200°C to +200°C)
and regulation of the temperature varlations 1s assured by the
computer. The electric field created in the sample was chosen
on the order of 1 V/cm,

Optical excitation can be carried out either by an electro-
luminescent diode, by a He-Ne laser ( A= 0,6238 um) or for solid
materials by a YAG laser (1.06um).

Figure 19a shows a typical spectrum obtained by this method.
Parallel to the recording of the difference AI(T) during the
trapping, the curves of dark current and of photocurrent in the
t.eady state are also recorded as a function of temperature for
each sample (fig. 19d).

The calculations permitting the analysis of the experimental/15
results are given in Appendix 2.

Thils technique 1s, as we have said, quilte close to optical
D.L.T.S., but 1t differs from 1t fundamentally in that it does
not require the construction of a diode on the sample surface (this
diode is, on the contrary, indispensable for capacitive measure-
ments [17]).

From the point of view of the sample, this technique is iden-
tical to TSC, but TSC is not a modulation analysis, and uses a
single irreversible temperature cycle, which diminishes its elec-
trical performance., On the other hand, the analysis for TSC is
very different and more complex, and the deepest traps furthermore
cannot be detected,

- yeasurements

11




Several "high resistivity" epitaxied layers on different semi-
insulating substrates have been analyzed in this manner, by using
a He=Ne laser for optical excitation.

Due to the feeble penetration of the light, the measurements
each time only involve a small portion of the layer, and the evo-
lution of the spectra have been able to be followed by successive
etchings down to the interface with the substrate as well as in
the substrate itself,

To control the thickness of the etched material (still using
the same solution 5/1/1) steps are made in the layer, then measur-
ed on the Taly Surf. Two Au-Ge contacts, separated by 500 um, are
then evaporated onto the surface (figure 18).

Since these analyses detect deep and semi-deep levels, but /16
not levels close to bands, cathodoluminescence measurements have
been carried out in certain layers with the aim, among others, to
identify the shallow acceptors present,

T - 3.4, Cathodoluminescence

The apparatus used for this method of analysis has been
described earlier [18], [19].

The luminescence of epitaxial layers of GaAs was obtained by
cathedic excitation. The samples to be studied were brought to
low temperatﬁre in a helium cryostat and irradiated by pulsed el-
ectron bombardment., The electron gun used for this delivered a
maximum current of 100 yA at an acceleratingvoltage continuously
variable from 2 to 25 KV.

- During excitation, the light emitted by the sample is ana-
lyzed by a grating monochromator of 0,3 meV resolution and de-

12




tected by a cooled photomultiplier (56CVP) permitting operation
in the infrared.

- After detection, the signal modulated at the excitation
frequency 1is amplified by a lock-in amplifier (synchronous detec=-
tor) and the spectra are recorded automatically.

- In this study, the excitation parameters (energy and
throughput) were fixed at 10 KV and 20 pA: to avoid heating the
samples the width of the pulses was chosen at 1/10th of the
excitation period; for example, 10 KHz and 10 usec, for an aver-
age power of 20 mW,

Figure 10 a gives an example of the cathodoluminescence spec-
trum of a 1lightly doped epitaxial GaAs layer.

IT - ANALYSTS AND INTERPRETATION /17

IT - 1. Characterization of the n~ layers

II - 1.1. Measurement of y and n~

By the classic Hall effect, we measured the residual doping,
the conductivity, and the mobility of carriers in these layers and
determined for each sample the respective thicknesses of the n_
and dead zones.

Over a large part of these layers the residual doping remains
constant at a level between a few times 1013 and 1015 atoms/cm3,
depending upon thesample (Table 1), then decreases at the bound-

ary of the dead layer or substrate andbecomes difficult to measure.

It should be recalled that this doping level can be control-
3.

led by the mole fraction of AsCl
13
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We verified that for the corrected values of n (see T~3.1.)
for the dead layer one always finds the law of dependence n =
f(MF of AsClB) observed in the earlier studies [4]. In fact, 1if
we put ‘he corrected points on the published curve (figure 3), we
observe that the curve should be modified for low doping levels,.

In addition to the value of n, the classic Hall effect has
enabled us to obtain profiles of the mobility at 300 K and 77 K
of various forms (figure 1),(the mobilities given here are elec-
tron mobilities taken to be equal to the Hall mobilities).

- at 300 K

The mobility remains nearly constant as one goes deeper into
the layer, then begins to drop and the measurements rapidly be-~
come impossible,

- at 77K /18

At low temperature the carrier mobility is larger (multi-
plied by a factor of 10 or more), so one can push the measurements
farther. However, in many cases they cannot be made out to the
interface because of a lack of free carriers (it is not excluded
that the problems encountered in these 2lectrical measurements
arise from a depletion of the rest of the layer starting from the
surface).

These profiles demonstrate the presence of a more resistive
region beyond the conducting zone., The relative thickness of these
two layers is determined more precisely by following the evolu-
tion of the conductivity after each etch. The slope of the curve
1/R = f(x) (see fig. U4), which indicates the doping at each point,
remains nearly constant over most of the layer (n only varies
slightly in the n~ region), then this conductivity undergoes a
steep decline (about two orders of magnitude decrease). The Hrll

14
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measurement becomes impossible, and the remaining thickness is mea-
sured after the sample has been cleaved and chemically contrasted,
With a correlation for the last etch carried out by extrapolation
of the conductivity curve, we estimate an error of the order of

10% of the total widbh to be introduced in this way,

The presentation of these various characteristics: residual
impurity level n, mobility u, mobility profiles when they exist
(which are then represented by their extreme values), and thick-
ness of the "dead" zone is made in Table I as a function of the
various growth parameters,

Most of these samples have been produced by the method of
classic epitaxy described in I-1.1.

Typically, for n varying between 1015 and several times 1013/19
atom—cm"3, the observed mobilities lie between 70,000 and 150,000

cmZV'ls-l.

For one sample (reference 23 in Table I) of mobility 150,000
em?V™1s™L and of doping level n 9x103 atom cm-3, the total quan-
tity of impurities ND + NA evaluated 1n this material is about
T x 101M atoms cm'3 (according to fig. 15), which is small and

indicates a high purity material.

The correlatior between the mobilitiles Wook and concentrations
of free carriers n77K is illustrated in figure 5. One can thus
see that all the epitaxial layers have high mobllity at low temper-
atures and are therefore of good quallty since they are intrinsi-
cally pure,

However, variations in compensation from one sample to ano-
ther can explain the observed spread.

Notice that good results were obtailned by conducting the
epitaxies in argon (no's. 2, 3, 8, 11, 20 in Table I).

15
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It is also interesting to note how one sample (No. 7), of
structure (n~/substrate n+), behaved. To perform the Hall measure=-
ment, the substrate had been etched away as well as a part of the
epitaxial layer on the side of the n /substrate interface. Of
the 56 ¥m of the initial layer only 16 um remained, in which all
effects of diffusion from the substrate had disappeared. A mobil=-
ity of 110,000 was thus measured for a residual level of n of
4.5 x 101“, giving relatively weak compensation with respect to
that observed in most of the samples studied; this tends to
confirm that strong compensation obtained for layers epitaxied
on semi-insulators really arises from diffusion from the substrate
or interface.

This is quite compatible with the cathodoluminescence re- /20

sults which show the presence of compensating impurities in these
layers.

IT - 1.2. Luminescence of acceptor centers

We originally tried to identify the acceptor levels by work-
ing at 15°K. In fact, at lower temperatures, most of the conduc-
tion-band (CB) electrons are captured by donors located 5.8 meV
from the CB [20], and it is difficult to distinguish transitions
between neutral donors and acceptors (D®°A°) from transitions
between the conduction band and the neutral acceptors (e A°) which
are close in energy.

In 1lightly doped GaAs, ASHEN et al [21] showed that the rel-
ative intensities of (e"A°) and (D°A°) increase very rapidly be-
tween 2 and 20°K, and we have used this variation to separate
these two types of transitions.

Figure 10 shows a typical example of the cathodoluminescence
spectrum at 15°K obtained in a weakly doped epitaxial layer,

16
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At high energy the spectrum is dominated by the recombina-
tion of the exciton tied to a neutral donor (D°X) or an ionized
donor (D+X) at 1.512 eV, and by the annihilation of the free exci- ‘
ton (X) at 1.515 eV [22].

At lower energy the spectrum consists of several emission
bands which are attributed to transitions between neutral accep-
tors and the conduction band (e A°).

/21

According to the recent studies of ASHEN and Bois [21], [23],
the acceptor levels and their ionization energies are: carbon
(E, = 26.0 meV), silicon (E, = 34.5 meV), zinc (E, = 30.7 meV), and
germanium (Ez = 40.4 meV). 1In certain epitaxial layers we have
been able to demonstrate traces of copper (EA = 0.15eV) respons=~
ible for the (e A) emission at 1.357 eV and its phonon replica
(2u].

When the epitaxial layer does not show a donor concentration
profile, and certain precautions are taken, 1t is possible to
study compensation by shallow acceptors.

Comparative measurements can be obtained by carrying out a
serles of successlive chemical etches (with recordings of the
spectra), from the surface down to the epitaxial n~/substrate
interface,

Figure 11 shows, for example, several cathodoluminescence
spectra obtained in an epitaxial layer in which the free carrier
concentration is below 1013cm"3. Aside from the exciton transi-
tions (D°X) (or D+X) (1.511 eV), the intensity of which remains
practically constant throughout the layer, the comparison of
spectra at the surface (A) and near the interface (B) demonstrates

an increase in intensity of the transition (e A®) with a predom-

17
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inance for carbon.

Among others, tracesror copper have been obscured in the
epitaxial layer and the substrate.

In figure 12 we have represented the acéeptor profiles as-
soclated with carbon and copper. From these results we can see
that the rate of cqmpensation increases near the n /substrate /22
interface, which agrees with our hypothesis of the diffusion of
impurities into the epitaxial layer.

II. 1.3. = Diffusion model

Cathodoluminescence has thus highlighted the phenomenon of
diffusion

- either from the substrate/epitaxial layer interface, where
defects or impurities are accumulated at the beginning of growth

- Oor from the substrate itself.

When it was possible, we have utilized the profiles (x)
and n(x) measured in the dark and corrected point by point (ef.
I-~3,1.). The corrected measurements of Mok have since been re-
ported on the curve given by STILLMANN et al. [26] (fig. 15).

One deduces ND + NA from this, point by point in the layer,
and since we know corrected values for n = ND - NA’ we obtain
the NA and ND concentration of acceptors and donors as a function
of depth.

The residual level NA° can be taken equal to NA near the

surface, from which one can then deduce the quantity of acceptors
which have diffused from the substrate or the interfac: (fig. 16).
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Since the profile NA(x) is in many cases representable by the
classical law in erf (x), one can thus calculate a diffusion co-
efficient from it which varies between 2 and 4 x 10"11 cma/s in
agreement with Dilorenzo [7]. Note that this is a global co-
efficient calculated for all the acceptor impurities,

It has also been demonstrated for only certain substrates/23
(RT 304...), that there is a diffusion of shallow donors but
since this effect is in general not very important no calculations
have been carried out,

These diffusion processes observed in n- material will explain
in part the formation of the dead layers. It is these very layers
in which we will afterwards be most particularly interested, in
trying to measure their mobility and to detect the shallow and
deep levels which they contain.

II - 2.1. Deposits obtained by the classical method
a) - Mobility during illumination

In the strongly resistive zones where the classical Hall

E effect of our laboratory no longer gives results the mobility
profiles have been obtained under illuminatjon at 300 K and 77 K
(figs 7 and 8).

All these curves fall off in the several microns preceding
the interface with the substrate.

When comparing these profiles with measurements made in the
dark, one observes that in a large part of the zZone not measur-
able in the dark, the photo-Hall mobility in fact remains rather
high and essentially constant (fig. 2).

This region then corresponds to a material having a very
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low level of free carriers (ND - NA) but also a valuye of ND + NA

vwhich is not too high since u remains essentially equal to the

mobility measured in the non-dead n- layers ( ¥ between 80,000 and _
150,000 with 1llumination), These characteristics therefore seem /24
favorable for implantation. 3

On the contrary, closer to the substrate the drop in mobility
reflects a real increase in the compensation of the material (draw-
ing 17). This compensation could result from the action of deep
taps or of shallow levels (acceptors), so we have first tried to
identify the deep centers.

b) - Identification of the deep_traps

For a large number of samples, the detrapping spectra I(T) =
I(tl) - I(tz) were recorded as a function of temperature. Their
evolution was followéd with the thickness of the epitaxial layer
and comparisons were carried out for the different substrates
utilized,

Global analysis of the_observed levels ‘

Figures 19a) and 20) show the abundance of deep or semi-deep |
traps in the high-resistivity epitaxial layers.

The nature of the negative peak (Cl' in figure 20) present {
at high temperatures must still be studied and has not yet been
well defined.

For the other levels, a peeling technique like that of DLTS
has been utilized. The displacement of the spectra as a func-
tion of T when one changes the gates tl and t2 (fig, 23) allows h
one to obtain the variation of the emission rate with temperature,
as well as to determine the activation energy (and the capture
cross section) of the center considered.
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To all appearances, the observed levels were for:

Cl = related to the presence of chromium
C2 - tied to oxygen (A or g2 center) [27] 0,75 <E, <0,8eV

C3 = perhaps associated with F_ = E. = 0,58 eV /25
e T
C4 - this would be the EL3 center, identified in DLTS [27]
- E'r '0055 QV

C5 =« (difficult to peel off because it is often at the footu
of another center) associated with copper ET 0,4 eV (this was
seen in moderately high concentration in sample H3u2 (fig. 22-1);
now the analyses by cathodoluminescence have also found there
a significant quantity of Cu (fig. 12).

C6 - after comparisons with the semi-insulator, and the DLTS
work 27, this can be attributed to an electron trap EL6, up to
now considered rather a crystal effect and seen in solid GaAs,
0.3 <ET <0,34 ev®

¢7 = in too small a concentration = could not be peeled off.

We note that the method as it is used here (with two ncn-
transparent contacts of identical area) do not permit one to sep-
arate the electron and hole contributions. The three centers cl’
C3, and C5 (ecr, Fe, and Cu?) would then be traps for holes, cont-~
rary to the other levels detected.

These results are collected in figure 234 and compared with
the centers identified in DLTS in conducting GaAs.

Evolution with depth

Two examples are given in figs. 21 a) and b) of samples
studied from the surface (-1-) to the interface with the substrate
(-3-) .

# These interpretations of the physicochemical nature of the ob-
served traps are proposed with great reserve and require conf-
irmation.
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Cl(Cu ?) is present essentially near the interface and could thus
arise from a diffusion phenomenon;

02 (0 ?) is observed throughout the thickness of the epitaxial
layer (even when this thickness is about 10 m). Near the
interface it is generally less visible because it is in the
foot of Cl;

03 (Fe ?) appears equally in the several microns above the inter-
face. B ? 27 and C5 (Cu ?) are present rather far int- the layer/26
(sometimes in very low concentrations) but neverthele. ippears

more clearly as one approaches the substrate.

Ce (EL6 ?) has been seen in all the samples; it sometime- iis-
appears near the surface.

This shows then that a certain number of deep centers diffuse
from the interface with the substrate, so that the surface layers
generally show a somewhat different spectroscopy.

Evolution with the substrate

The influence of the substrate remains rather difficult to
pinpoint although the appearance of the spectra seems to vary with
the substrate chosen (fig. 22 - 1=-2-3: 3 different substrates).

* The C1 appears in variable concentration according to the sub-
strate while 02 is visible in great quantity in all the epitaxies
(although it is sometimes masked by C1 for which the detrapping
temperature is close).

* The 03 center appears weakly in many samples, but becomes very
well defined in the layer H277 studied after implantation. Its
concentration relative to C1 for example is larger there than any-
where else (this layer is extremely resistive).
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More systematic correlations with the substrate are now under
way (very distinct quantities of Cr, 0 and Fe).

But these results suffice to see that one has an interesting
characterization tool for the deep centers, particularly for
highly compensated materials.

The study of the evolution of the spectra tends to confirm
the existence of the diffusion process but the quantitative aspect
of the method remains difficult to study.

The role of these deep traps (essentially Cr and Fe) in the /27
compensation of the layers is undoubtedly not negligible, but one
must equally take account of the large quantity of shallow accep-
tors which this material harbors.

TQ demonstrate these shallow levels several samples were
analyzed by cathodoluminescence, a technlque already utilized

for the study of n~ materials.

c. Compensation by shallow_acceptors

We have shown earlier that in those epitaxial layers of high
resistivity the mobility profiles show a significant decrease near
the interface. Such behavior of the mobility can only be explain-
ed by a decrease of the concentration of free carriers resulting
from an increase in the rate of compensation.

It therefure -seemed necessary to us to study the compensation
by the shallow acceptors in these epitaxial layers. This study
was made by comparing the cathodoluminescence spectra at different
depths.

Figure 13 shows che spectra obtained at the surface (A) and
near the interface (B) of an epitaxial layer of 32um width with
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& dead layer of 5 un,

On the surface, these spectra are the same type as the n~
layer, that is, in addition to exciton transitions D°X (or D+x)
and X at 1.5115 and 1.515 eV, one observes recombinations (e"A®)
linked to the impurities C, Z, Si, and Ge. On the other hand,
in the dead layer these recomblnations are more efficient, with
the addition of the peak at 1.36 eV attributed to singly ionized
copper: CuGa.

In order to correlate these results with the Hall effect /28
measurements (in the dark) we have shown on figure 14 the profiles
of mobility and of the acceptors (C and Cu).

Comparison of these two profiles demonstrated the existence
of a diffused zone on the order of 10 um thick. In the first few
microns of this zone the compensation dque principally to carbon
increases, while the mobility drops until within the dead layer.
Nearer to the interface the mobility is no longer measurable and
the acceptor concentration becomes much more important.

The presence of copper at the interface and in the suybstrate,
since it 1s in weaker concentrations than the other acceptors,
should not play an important role in thke compensation.

From these results we can conclude that the dead layer cer-
tainly results from a contamination of the epitaxlial layer which
took place at the start of the growth and gives rise to a diffus-
ion process starting from the interface and/or the substrate.

The classical Hall effect had already shown that the mobilit-
ies at 77°K in the n~ layers of this type were rather low (see
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VIIT 696 on figure 1);

For all the samples measured:
15,000 hpqy <30,000 em®v™1s™l for n = 10%. This corresponds
to an increased total impurity concentration 4 x 1015 <(ND + NA)
1016 atoms cm'3 and thus to a very strong compensation taking
place spontaneously by the Cr doping from the

In the dead layers obtained practically each time with
these growing conditions, the photo Hall mobility did not exceed
35,000 cmzv’ls'l (see example VIII 696 in fig. 8),

This material 1s still extremely resistive and has a residual/29
purity much less good than that obtalned by classical growth.

The method of current transients applied to these layers did
not display a spectroscopy of the deep centers very different from
that of the layers at high temperatures.,

In figure 22=4, the centers Cq (ér?) and C3 (Fe?) appear more
strongly than in the epitaxies with liquid source, although the
02 center is less visible. (We note however that sample H277~-
fig. 21-b~, even though epitaxied by the classical method, dis-
played a spectrumsimilar to that of the low temperature layers.)

In conclusion, with these different methods of characteriza-
tion, we have been able to make progress in our understanding of
the strongly resistive epitaxial layers. Good correlation between
the drop in mobility (Hall and photoHall) and the acceptor pro=-
files has beén obtained, which tends to prove that this material
has been subJected to some diffusion of compensating impurities.
The contribution of the shallow acceptors would appear to be pre-
dominant with respect to that of the deep centers which are also
present in the 1ayérs.
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IT -3, Relative thickness of the n~ and dead layers

We havé seen that the most prodbable hypothesis rests on the
1 development of the "dead" layer by diffusion from the substrate/
. epitaxial interface,

| Mereover, from the point of view of the intended applications
: one can expect different résults depending on the characteristics
of the epitaxial layers (high mobility n~ layers or the more or

| | less pure "dead" layers), It is thus important to study the

E § influence of the various growth parameters on the relative thick-
E’% ness of these layers in order to try to control it.

If one considers a classical diffusion of compensating impur-/30
ities from the interface, and if one superimposes on this diffus-
ion a donor concentration ND which 1s constant throughout the
thickness of the layer but variable with p, (or with the MF of
AsCls), such a model can be represented by the scheme of Figure 25.

Now if one examines on figure 26 a set of experimental results
corresponding to qﬁite different growing conditions, one notices
that this simplistic model predicts rather well the most important
qualitative aspects of the phenomenon.

The spread of the results can be attributed to the influence
of the ensemble of growth parameters. The principal parameters
(vector gas: H2 or Ar, growth temperature TD) are represented by
different symbols,

I et e ks 2

We will examine successively the influence of each of these.

f First, one can expect a prioeri in a diffusion process that
the growth température should have a dominant effect. This does
not seem to be the case, particularly since we have studied the
influence of this parameter over a wide range of values (TD varies
from 650 to 750°C)., Even though the studies of low temperatures
(symbols ® and ®) 1led to the smallest thicknesses of the dead
26



layers (that is, to a limited diffusion of compensating impurities),
one notes that the influence of the temperature is not very pro-
nounced. It is to be regrétted, however, that the other parame=-
ters had not been held strictly constant.

A second parameter is the growing time. Our experiments, of /31
which the duration varied from 30 minutes to 2 hours, did not
permit the effect to be dlsplayed.

Another factor to be considered i1s the substrate, which could
act as a source of impurities. The studles presented in figure 26
were carried out on 6 different substrates obtained from various
sources. Even though at times we were able to see a noticeable
difference in the thickness of the "dead" layer for the different
substrates utilized in the course of a single growth (see Table I),
we could not systematically assoclate a value of the thickness of
this layer with the use of a given substrate.

However, if one presents the results obtained with two ex-
treme types of substrates (figure 27), that is, the "least dif-
fusing" (A) and the "most diffusing" (B), a marked difference is
observed. Furthermore, one should notice that the dominant com-
pensating element in the diffusion is not chromium, or at least
not only chromium, since substrate A contained much more of this
element than did B but gave a smaller thickness of the dead layer.

It is also possible to imagine that the source of the dif-
fusion is not from the volume of the substrate but from impurit-
ies present on its surface. The variation in the concentration
of compensating impurities could also result in part from the tran-
sient rebuilding phase of the growth period.

These latter two hypotheses seem to be contradicted by ex-
periment when one examines the results of a series of studies car-
ried out under the following conditions (fig. 26 - symbol +): the
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the opérating mode was identical to that of a normal growth pro-
cess, only the conditions of establishment of the growth regime
were modified. For this, the growing conditioens were stabilized
by superimposing on the flow of growth materials (flow of Ha, As
013 carrier toward the source of Ga [4] a flow of etchant AsCl3

which 4id not pass the source and which dissociated thermally to

~give HCl. With conditions properly adjusted, the substrate was

held at zero growth for 30 minutes, to permit sufficient stabili-
zation of the conditions of deposition. One notes in this case

that the thickness of the dead layer 1s at a mean value and rather
high. One can thus not accept the two hypotheses presented above,

In conclusion, the thickness of the dead layer depends pri- /32
marlly on the ével of residual doping, to a:lesser degree on the
growth temperature and the sﬁbstrate, and relatively little on
the growing time.

Knowing the influence of these parameters, one can choose
the growing time to have either only a dead layer or a dead layer

on top of an n” layer.

IITI - IMPLANTATION

Studies were undertaken to test the behavior of the high-
resistivity layers during thermal lon-activation treatments and
to determine the characteristics of the implanted layer.

The implantations were carried out by:
Messrs. Favennec and Pelous of CNET (Lannion)
Mr., B. Sealy of the University of Surrey (U,.K.)
whom we thank for thelr cooperation.

a) Thermal treatments of the n” layers

Two types of thermal treatment were carried out:
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- non-encapsulated sample annealed in a purified hydrogen at-

mosphere for one hour at 750°C,
- sample encapsulated in Si3Nu annealed under purification ar-
gon for 15 minutes at 850°C.

Table II summarizes the results schematically for the various
epitaxial layers.

One sees the formation of a p-~type surface layer in the two
cases considered. This transformation is analogous to that al-
ready mentioned with respect to other samples of GaAs, and in
particular of solid crystalline GaAs: Cr. A center situated at
EV + 110 meV, of unknown origin, 1s responsible for this transfor-
mation (28],

b) Implantation of the active layer

/33

Se+ lons were implanted under rather different conditions in
the two laboratories, as 1llustrated in Tables III and IV, and in {
the electrically active or "dead" layers.

The results are presented in Table IV. In most of the stud-
ies, the very small sample sizés did not permit detailed charac=-
terization; one observes a number of common points between the
samples:

- the mobility of the active layer 1s rather constant and es-
sentlally identical to that found for the implanted chromium-dop-
ed substrates;

- the doping levels and the thicknesses are close to those
expected, while the electrical activity is very high (the fact
that they appear to be higher than 100% is probably due to errors
in the determination of n and e). This result however is marked-
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ly different from that found in the chromium-doped substrates, for
which the electrical activity 1s generally weaker. The greater
purity of the epitaxial matérial may permit this result to be ex-
plained, whether it comes from an active or a "dead" layer.

An analysis of the n~ layer under the implanted zone was
carried-out on a Hall sample. Figure 28 shows the general shape
of the mobility profile under the active layer. Comparison with
a mobility profile characteristic of an n” layer brings out a
noticeable reduction of the mobility in the case of an implanted
layer.

Some sampiles even give values more representative of type
p than type n. One can thus conclude that the thermal activation
treatménts have an effect on the high resistivity layer, but it is
difficult to separate the phenomena related to the outward diffue.
sion of acceptors from the substrate and those caused by surface
conversion. The active layer does not seem particularly affected
by the two diffusion mechanisms.

c) - Results_of devices

One of the samples was held for a technological treatment.
Unfortunately the cholice was made only on the basis of maximum
usable surface and not as a function of the results of the char-
actérizations.

The performance of a low noise FET obtained is presented in
Table VI, in comparisen with an identical implantation in a solid
substrate, and for a grid length of 0.8 pm. One can see a notice~
able improvement in all the values, which can be attributed to
the use of an epitaxial layer of high resistivity and purity.
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CONCLUSTONS /35

In employing either classical or low temperature epitaxial
growth techniques, experimented with for several years in our
laboratcry, we have shown that it is possible to control the for-
mation of layers of medium or high resistivity,

To characterize these layers, some new techniques had to be
developed in order to study, as a function of thickness, the evol-
ution of mobilities by photoHall and spectroscopy of shallow and
deep centers by cathodoluminescence and current transients,

These techniques revealed two layers:

- one very pure of medium resistivity and high mobility
(77K >, 100.000 calv=13-1)

- the other, farther from the surface, of elevated resistiv-
1ty (@3 10°Rem), called the "dead" layer.

The strong compensation of this latter layer could be expla~
ined solely by the diffusion of shallow acceptors, and principally
of carbon, from the substrate or the interface. Moreover the pre-
sence of deep traps (Cr, 02, Fe), the analysis of which is so far
purely qualitative, comes again to reinforce this aspect. Other
impurities were detected toward the interface with the substrate,
such that copper also has a diffusion profile in the epitaxial
deposit,

We have seen that the highly resistive layer can remain
rather pure however (ND + NA 2 1015 atom cm'3)over several mlicrons,
which appears interesting for implantation.

For the layers obtained at low temperature with a source of
GaAs doped with chromium (thus with a voluntary compensation which
1s added to the substrate effects), the purity i1s markedly lower,

31
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: The effects of the principal parameters of the diffusion /36

? (temperature, time, nature of the substrate) having been determined,
it 1s now possible to choose the growing time and the residual dop-
f ing (a function of the mole fraction of AsCl3) to obtain layers

of the desired resistivity and purity.

Several tests of the lmplantation of Se+ in the high resis-
tivity layers were carried out in collaboration with CNET and the

University of Surrey.

The performance of the first FET devices obtalined from these
implanted layers shows a marked lmprovement with respect to direct
implantation in the substrate (2,6 dB of noise at 10 GHz as com-
pared with 3.4 4B at 8 GHz).
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OF POOR QUALINY

TABLE II
Annealed
Semple . Growth Annealed in 22_ en!c‘:psulated
- 16 -
¥ 3268 High temperature f ~ 0 -
i 289 ' High temperature - (Y 10’5
16
8 695 "Lov temperature® t ~ 10 -
Table TII
,A'tInitiu 8
~Growing n 77 °K u 77 *K ..
we conditions (nt/ ¢uld) Aemdy=12-1) mﬂckn&; e
M 273 ligh temperature, 3 101" 70.000 10 !
H 277 High temperature |:. POt measured - 8
H 289 High temperature 449 10’“ 93.000 3.3
8 694 Tov Temperature not measured - 4,2
8 696 Low temperature not measured 18.000 LS
= o —— e ——




7
o
... 06 21°" strigtz g't]| oooz} ,.0F 8 - - - 969°§
00T oft 2% ¢ 1541 002 el 441 20t % on¢€ 40t 2t 68c K
oyt oot 200 2T ¥ . 0022 29 4 20t S'F 09cC LU 22z M
ott u«on 'z €2 ootz 210 1 - - - iz n
(s3104) ((-Sp- g2
LR tien SN e, (Vo) ¢ _wow SN n00€ o | (_udu
"y A37A1308 T8OTII09TH) (FuouoNSWIl (A)D TusweansIew Lreg) | oLoee
" euyw 0T Juocbiy/ ,006 00% - ooy " u 1a%9 9698
‘uzw 02 JuoBav/ (0% _ 00y ¥ 0001 azn«n 004 21°% §'e “ 13X0 %69°g-
c‘ﬂ. hﬂ \umcu.n‘\ Gonw omu - OQN “" " honulnn—m 0>M:ud Qmw“ :
cuym g1 fuoBav/ ,058 052 - ooz 2108 S'F " Kozang sarun - 2T H
cuyw oz /uobav/ (006 ooy ¥ ooot .;_n«m ooy aoF 'z | o8 1A% 12T N
UGV IEY (aox) (90) (z.wo)
{UOTBATYOS TOWIIYLY | sf8aaug{ Iueynsdeougy sanjeaodusy ssoq uoy | uoyywjuerduy | suoy aydueg:
- :

fouvaucdﬂmm%
Al 31498}




_.

|

w

*,

f

|

W

|
m
—_—

. iy
9'9 s‘z ot 19487 _u es
. - +

L
w 2 F) #oﬂ 8 a3 isyey °
a» -
; 44 O i AN i 4

. Tessy Jag

23%a3sqns ueFjegULTANT

wov:dﬁmaw uoyr

IA T19VL

38




T

S T e TR

WWWMW--W- S T

FIQURE CAPTTONS /43

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.
Fig.

Fig.

Fig.
Fig.

Fig.

Fig.

Fig.

1.

2.

3.

11

12

13

Mobility profiles in the n~ layer measured at 300K and :
77 K (samples not illuminated) ’

Mobility profiles relative to the same epitaxial layer |
-measured; - in the dark %

- corrected for the contribution from the "dead
. layer"

= under illumination

Residual doping levels obtalned as a functien of the mole
fraction of AsCl, utilized (compared with curve published
at Deauville) [43)

Evolution of surface conductivity across the layer (meas- %
ured after each etch): l/RD = f(x). :

Correlation between the measured mobilities at 77K and the
residual doping levels.

Experimental arrangement for PhotoHall measurements,

Mobility profiles under i1llumination obtained at 300K
(1ow - temperature growth - source solid GaAs.)

77K mobility profiles with 1llumination (most samples epi-
taxied at high temperature (750°C) with a liquid Ga source).

Effect of 1iliumination intensity on PhotoHall mobilities.

a)Cathodoluminescence spectrum at 15°K for an n~ layer
epitaxied on semi-insulator substrate. (The shouldering
at 1.493 eV marked X represents an acceptor (E = 22 meV)
not yet identified in GaAs [23]).
b) Spectrum of the same sample at lower energy, showing
the conditions electron-acceptor recombination band (e A°)
at 1.36 eV, attributed to singly- lonized copper: CuGA’
and 1its phonon replica (h WL = 36 meV) at 1.324 eV,

o]
Evolution of cethodoluminescence spectrum with depth in
a 12 um thick.
A - at the surface; G - close to n /substrate interface

Profile of shallow acceptors in ' an epitaxial n  layer
obtained by tracing the maximum intensity of the carbon

and copper luminescence as a function of depth.

Evolution of the cathodoluminescence spectra at the sur= /44
face (A) and near the interface (B) in .2 epitaxial layer

32 uym thick, 5 um of which is dead layer.
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Fig. 14
bon and copper) in the same sample (fig, 13)

Profiles of mobility (dark) and of shallow acceptors (car-

- full dashes: mobility
= dash-point: maximum intensity of electron~acceptor

recombination (e"A°)with carbon

= 1light dashes: maximum intensity of electron-acceptor

recombination (eTA%) with copper.

This figure demonstrates the rise in compersation corres-

ponding to the drop in mobility in the diffused zone.

Fig. 15

Fig. 16

Fig, 17

Fig.18

Fig. 19

Fig. 20

Fig. 21

Fig. 22

ho

Curve of Stillman 26 giving the total quantity of impurities
in a homogeneous epitaxial layer as a function of mobility
measured at 77K with a 5 KG magnetlc fileld.

Profile of diffusion of acceptors from the substrate (or
the interface): N,(x)

~evolution across“the buffer layer of the total quantity
of donors and acceptors ND(x) and NA(x).

Schematic representation of the most frequently obtained
structure for a "buffer" layer epltaxied on a semi-insula-
tor.

Arrangement for trap spectroscopy by current transients with
optical excitation.

Typical spectra obtained (sample VIITI T72€6/RT 281)

(a) I(T) - transient current as a function of temperature
-(centers C,(Cr?), C, (fe?), C(EL6))

(b) I(T): dark currént and photocurrent in steady state
vs. temperature

Sample containing a large number of differentiable centers
(H 274/RT 326) C,(0,), C,(B?), Cs (Cu?), Cg(EL6).

Evolution of deep centers with depth (from the interface
with the substrate -1- to the surface -3-) for two samples
epitaxied at high temperatures:

a) H 282/RT 304 (12um thick)

b) H 277%RT 326 ( Tum thick)

Spectroscopy of deep centers for the following samples:
1 - H342/Laser diode (layer not "dead")

2 - H 283/SUMITOMO 20336

3 - H 237/RT 281

4 - VITIT T726/RT 281

(Note that samples 3 and 4 are epitaxied on the same sub=-
strate by two different growing methods)

"dead" layers




Fig.

Fig.

Fig.
Fig.
Fig.

Fig.

B 9

Evolution of peaks as a function of the time of the gates/i5
1 T2 iaE)

Vuriatéon of the rate of emission from the traps (in fact
here T</e)with temperature

- comparison of the results of this study (dotted) and

those obtained in DLTS for donducting material (solid
curve).

Model justifying the existence of a dead layer by the eva
olution of the acceptor and donor levels with thickness.

Evolution of the thickness of the dead laysr with resi-
dual doping n (points from experiment).

Same evolution as in fig. 26, but for samples epitaxied
on two very different types of substrates.

Mobilities compared for a buffer layer which 1is

- under an n+ epitaxied layer

- under an n+ implanted layer
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APPENDIX I

Differential calculation of mobilitiles
and doping levels in Hall Effect /T4




- The sample (lightly doped epitaxial layer in a semi-insulating
substrate)is measured by Hall Effect after each etch.

The following calculation allowéione to transform the average
results over the entire thickness of the remaining layer into values
of real mobility &nCL.QQping_relaMf%jonly to the etched layer.

-1 A

, ‘ - .
For the small 1ayeriof thiékness dx, the resistivity is writ-

b w » faoy- o

ten
1

1, . 1
rix) = ("" Tdax ~ n(x) Ja (x)e ° 1dx (1)

One injects current I; the measured voltage in the absence
of the magnetic fleld is V,
B
1(x) = ;{fy
“x) - ;.&’T‘&_‘. n (x) ju (x) ax
For each sample: ' )

I(w) s-S i(x) = -!-OT.S-—" ‘S-‘ n(x) /8 (x) dx (1)
. -]

(]

then V, (x), the Hall voltage measured in the presence of the mag-
netic fieild if one only has the little surface layer

B i(x) BV,!
v, (x) = oy ax 09 dvou V() =2 Julx) (2)
‘rof.lO)

/76
Consider a Hall generator equivalent to our little layer sub-
Jected to G, where 1»r' is the internal resistance

. o 1 i 1 1
r' (x) f(") Ldx " n{x) M (x)e Ldx (3)

71




One imagines this generator alone (not distributed) feeding
the remainder of the sample of equivalent resistance R', where VH
is the voltage across the edges

1
’L'. = S:G:T - _:,L-.L n(x) ,u(x) dx

(4)
Now
R
Vn L 'h *qr’:" '.‘
By hypothesis rid) et
so that Cre Bl 2
Vu = vh?'- dtod Vu(x)- -L°— .'2!_:_)/1 {x) dx . (5)
avec (2,30th) f n (x) /u(x) dx
- ]

By superimposing all the generators at the rate of one for
each layer of thickness dx, one obtains the total measured Hall
voltage w
V(v = f;*\'ﬂx) from which, taking into account of (5)

BV ) v 2
V“ (v) = o j‘ n(x)ﬂ (x) dx (II)

L ]:" n(x) plx) dx

From the Hall effect one measures VO’ I, and VH’ from which
n(x) and u(x) can be deduced.

In transforming expressions (I) and (II) and in putting

l'h(x)/uz(x) dx -'f(w) and 1 = L,
(van de Pauw clover)
J¥rnte) jutx) ax = o)

where f'(w) and g'(w) are the derivatives of these functions.

One obtains finally at one point ~f the layer of size =2z

- £22) and, () - ._"_'.(."’.Li
/o @ - G " T (3 /77
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1. One should write ru(2) and n(e)/r but we have taken r = 1 for

this calculation,

2. for the van de Pauw utructuré, one can in fact take L = 1 and
take account of this for the calculation of the mobility by a multe-
iplicative correction factor k = log 2/t
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PPEP LEV&L SPRECTROGCODY IN NIGH RESISTIVITY MATERIALSS

Ch. Hartes, M, Bouloy, A, Mitenncau, D. Bals
Laboratolires Jd'ELncirontqure et do Physique Appliquée
3, avenue Descartes, 941450 Limeil-Brévannes (France)

Abstract : ’

A simple method to chavactoriro deep lovels in high
rasistivity materials iz doseribed.

Excoss carriors are optically injected hy putsed light.
The dotrapping of these carriurs leads to a transjeni ecurrent cele
locted Yotween two contacin. The signal §s analyxed like In DLTS,
f.0, doop leve] npectia are recorded during temporature eyclos., Some
exnmples of tho usc of this mothod are given and the calculation of
the suergy of the lnvols discussod.

an

*This work has beon supported by the D.G.R.S.T. (Déiégation
Ginérale & 1a Rocherche Scientifique et Tochnique)
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PRrpTNAL PAGE 18
+ O0R QU

RODUCT TOX

‘The characterixzation or‘hloh roulativlty GaAn, clthar
loal-luuulntlnu substrates or buffer luyorc. is nov a crucial nub=
Jcct bocaulo tbolo uutorinln are uaod for fom implantatien or as
' outatra%a. for opitaxﬁni gravth. This. questier (s of particular
Sator-lt for FET devices where thin conductlng fayers are grown
om Ahese high resistivity matorials.

o tbvortul tecnniquen havc bern recently developed to
llpravc the elassical nethods of dnep lovel charactonrisation in
--igpndnotor.’ t transient capacitance moasurcments such as
oLTS 2) and nptlcal ﬂttl”. or irannient current analysis with dinde
ltftQthe- ' 3) » Those techniques fall for high resistivity matorialn

It is the purpose of this papar te reoport about a sim-
ple method for deep level characteorization in high resistivity
semiconductors.

SXfBElN!NTAL TECIINIQUES

In high rosistivity matorfals, carriors cannt: bo cusi-
1y injocted by electrical meann. 80, in the proposcd methed, they
are optically generated in tho matarfal. Then, detrapping is woni-
tored versus temperature by transfeat current acasvreoments. ‘

Pigure 1 shows the dlock diagram of the experiment. '
Electron-hole pairs csn be gonorated by using a MHe~-No lamer (6)28‘x -
S mV¥) or a GaAs cloctroluminescent diode § at low tcmperatura, ‘
photocarriern are thon captured by respectively clectron or hole
traps. Aftor the optical injection pulse (duration 30 ms), detrap-
ping creates a transient current batween the two contacts evaporatad
anto the sample surface.

: The dark cquilibrium current : §, . the photoconduetive
current l’h (during t1lumination), and the trcnz:cnt current are
measurcd. A single gate technique could be used '. lovover in the

dimi T
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high ’twmm.un range l.. iz non nogligivle mo a double gata tech- ’
nique vas more suitablo : §(t,) = L(ty) is meanured with P
so. that l(t3)~ loo ‘lhh alm\ analysis is fdantical to the una ,
in classical DLTS, so eho same appatatus can he used. The system wa
use has bdoen doncribed pmvlo«uly”. It fnciudos a ca'culator which
stores the data and controls the process : tomparat:: ~ echanqos,
injoction pulses, applied voltage.

According to I-mo ] tc-elmlquo. a simplo tomporature cyclae
(betwoen 77 X and 500 K in this mrueular cano) provides a denp
level ppectrun. Figure 3 ahows Ltypival npuctra obtaincd vith high
resistivity (@ b3 10° ohms.cm) huffer Jayors propared by vapoer
phase epitaxy.

CALCULATIONS ,

At t o O, at the boginning of the trﬁnu!ont, after an
intrinsfc excitation (¢ = h gancration), tho occupancy of a particulas
trap vith, for instance, two cha ge wtatus (¢, O) in

Ny

1o .n 06. v, S"

-’ ‘Ch non
where 3’ is the donsity of traps, L and op the sum of the thermal
and oprical omission rateas for o~ and h® respoatively, ‘ G". G",

(1)

'to (0) =

/5 and v_, the corresponding capture cross nections, and thermal
velocitios, and ;n. Sp. the densitios of Injected carriors during
{1lumination. Thoy are assumed to be large compared to thd dark
carrier densities. This can be voerifiod by laooking at the ratio

I’hll., wvhich is gonerally high.
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At tog o the dark equilibirivum is dencrilicd by 1

N
l:' @) - “:-JL-E§;- (2)
. 'P

The free carrlnr'dnnsltlcn are assemed to bo nugligible In the °
high resistivity matoriala considerud in this word.
The current genoratod by thin trap is (1)

o v -n®
(L) » C£0“ NT {(t) » 0’ .V,' "T (!))]
The constant C includoes the geametrical parameters and the panetratio
depth ot the Light. The transiont curront 1{t) which §s of Intcrest
fn tho docuble gate tachnique can bo written

§seer o [1to) = 4 017 oxpe -
f.0, S“" v C ((‘n - (‘") [”: (n) - N: ’@)] exXp. = --%— ""
with - - (o“ . a’).

[

In order to uioplify the dincussion, we have to distin-
guish betwoen neveral casos.

€3) trap vith °, » "
Under conditions of high excitation, L and e can bhe

negloctod compared to G" vap and G'n vns n. then (2) tenether with
(2) and (1) givew

§i()aca &

3 1
- ] ‘-c t) (I')
T [ S'p v, . N ]“p n
1 o-i,__n" v 1 .-L.t_”

which is §ndepondent of the axcitarion flux,

A more complicated fornula !'s ohtained under lower axcitae
tion. Tha corrarponding trantinrnt current depends on the cseltation
intonsity. Thorefore, the high excitaticn conditing can he siperiman-
tally chackad by varying the intensity ani looking far saturation 1
obviously, this s carier to matinfy for onll enirelon rates, f.e. v
rather large valueas of t‘ are chusens 1n the following, we nuppose tH
high exclwntfon in achieved,
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< for G]V 6|n:§> t lelectron trap) the preceeding formmta-reduces
“9ilt) = ¢ N ! sape (= e b)) 7 L s
v Sk(t) Ny oo exp “u. t) : ))
liiehois the sinple rlnsqxcul formuta for the tiransient tutlvnt’

due Lo ompty:uq of a trup cnmp\vtlv Fefilled of t = O uud emptind

at tm .

By derivation of (5) with respect to temporature for o

fixed delﬁy ti’ one finds that a maximum occurs ~hen @

. : o £,
; K : | " R SR - T L N
S e T s on.(lvmﬂ§.) x G; v"hc expy - S (6)
4 RS B KT max.
%J wheve T “is the temperntur cnrrﬂ;n)ndxng to the maximum of

max
é;x(r), and L Lhe cno:gy of the trap ho!o“ tnﬂ cnnduct.un band.

R : ' Under such conditions, the energies of fho lnvnls can be

1911) found by runn:ng Fpoctx1 with differenrt- .nmp!znq‘dﬂlnys t1

bike in GldSuJCd‘ nLTS Bonsurencuts . This is ilXH”IPnth in fig. 3

oo . for the qhallnhﬂr trap of figure . The dolu)» are nlha\d cnnuvn
[ with t, = 10 tl. Fhe plnt T /n' Sversus 1/T (xn»cll of fig. 3)
#, provides ¢ Eg = 0,32 V1 0, 03 eV. A similar curve, obtained threugl

Lo ’ . DLTS, foi-trap EL 6 of ref. 8 detectod in conductive Cads has been
‘ploticd for comparison. Jt turns out that this defect we chserwa

in V,ILE. buffer layer on 5.1, substrate can be considered as iden-

sy tical to BLG of vet. 8 &
; . : - for Gju’c;p Q; 1, relation (4) dees not peduce to (fi) 1 the proe-
exponential factor is divided by (1 . jéﬁ_rv) This may change the

: n Yn
perature at which the maximum occurs becavss Q .uu!@ﬁ)cnwy depend ot

ﬁ » tepperature. )
' ffovever, this shift of the peak. is not very large becans
fhe factor oxp (-cnt) is predeminant,

A similar discussion can be caried out far “l>> Qﬁ i the
fore, the characteristics of all the deep Yevels (provided Lhat one
emission rate is‘lnrgu compared to the othor) can be dnturﬁined by

using relation (6) and soveral delays t_. This has been done for the

b
traps visible in fig, 2., The encrging so found are wrilten down in
the figure.
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This mhy arise for traps locatad near the middle of the

9)

. ; . B e .
‘gap, for instance chramium and "oxygen® in Gads” .

The' time constant in (J)stkthon ﬁ%@ = ("“,! eﬁ), Tt is Lhoeratore
‘iﬁpéssib!e iu determine gvparutﬁlythé funinntinu,ohpyginﬂ En_nnd Ep
relative to CB and VB vespectively. The sitnation ix indeed identica
in c&pnc{tive:DLTS':'cvvn if one typé,ofvcarriér is injected, the.

time constant for reemission may be related not only to the emission

 rate for these carriors but also for the opposite type of carriers.

80

This may 1¢ad Lo some uncertainty in the rexults for level located

"near ihe middle of the gap.

Moreover, in this case, the transiont current may be nega.
tive nsfvisiblnvin relation {5) if the following conditicn iy ful-
filleg ¢

. This probably explains the nagative peak which appears in some

sample at high temperatuce as shown for one sample in figure 2.
According to the caleculations, negative transient currenty can
also arvise when ﬂ\:b‘cp provided the preceding condition is

satisficd. . CF

CONCLUSTON

The optical transient current spectroscopy, described
in this psper, appears to bie a very useful method for characterizin
high resistivity materials. It gives decp level spectrn exactly as
classical DLTS does formconJucting samples. Tﬁe spretra diractly
provide the emission rates of the deep levels, thercfore it is very
easy to determine the ioniﬁntinn.unergies of each level, This is
a major advantage compared tc TSC which is often used for high
resistivity materials. Four deep levels have generé!ly been found
using this technique in our epitaxial bﬁffer layery ¢ 0,9 eV,

0,8 ¢V, 0,58 oV, 0,32 c¥, (! 0,03 eV).
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As discussed in the previous section, the higher is

~ the excitation intensity, the more insulating the material, the

more different the emission rates and captura cross sectioas for
clectron and holes, the better is the accuracy of the energy value

The main limitationﬂ aie that it is adifficult to
calculate the concentration of the traps in a simple way and that
as far as now, we cannot he surns wvhether Et {s measurcd with res-
peet to the valence or conduction band,

Beside the identification of deep levzls in semi~
insulating materials, a veiry interesting application of this opti-
cal transient current spectroscopy is the detrrmination of deep
leval profiles in strongly compensated bhuffer layers deposited on
senmi-insulating substrates. This is possible by using intrinsic
excitation which injects carricrs in a thin layer below the sur-
face only. Then, by successive chemical etching of the sample, one
gets a profile with a snatial resolution limited mainly by the
carrier diffusion length. Such study is beinyg carried out and will
bring useful information abonut tne defects and impurities intro-~

duced by the scmi-insulaiing substrates in the cpitaxial layer.
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Pig. 2.

- Fig. 3;:

Pigure captions
_ F1g. 1.

Prineiples of the experiment

1Wpicaltdeep level spectrum: 1 (t%) - 1(t ) = £(%)

for two GaAs VPE buffer layers grdwn on & semi-insula-

t;ng substrate

1 = 60,8 ms
t2 = 10t1
,Iﬁfluence of tﬁe delay t, on a particular peak of figure
The insert shows the varlation of
T2 1 '
= versus T
®n

obtained with this work (solid line).
The dotted line is for trap EL 6 of ref. 8 (classical
DLTS on a GaAs conducting sample).
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