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Abstract—Several parasitic effects which penalize III-V IC and
RF transistors performances are directly linked to deep level
trapping mechanisms into the structure. The analysis of these
phenomena is correlated to the presence of traps signature
related to intrinsic and/or process dependent defects. We propose
in this paper a survey of a non linear measurement method; the
isothermal relaxation measurements; used to extract trap
signatures. We develop a mathematical improvement to obtain
more precise and fast results. An application of our mathematical
software to Metamorphic HEMTSs and a comparison to results
obtained with the DLTS method is proposed..

I. INTRODUCTION

Since several years, many research teams have carried out
studies on III-V semiconductor devices structures. Several
parasitic effects, which penalize IC-HEMT/FET digital and
analog operation, have been pointed out. Indeed, it has been
shown that FET/HEMT impact ionization-related phenomena
(excess gate current, kink effect), frequency dispersion of the
transconductance (g,) and output conductance (g,), gate and
drain lag effect, back(side) gating effect are directly linked to
trapping mechanisms into layer’s structure [1][2]. Currently, it
is interesting to understand how these effects are taken into
account into electron device models and design rules. Thus, it
is necessary to identify the deep levels trap signatures
(activation energy and capture cross section) which are related
to intrinsic (low frequency noise...) and/or process dependent
defects (lag effects, leakage currents). DLTS (Deep Level
Transient Spectroscopy) [3][4] is a well-known method used
to identify a deep level. Another one is based on low noise
frequency measurement [5][6][7]. Our interest in this paper is
to propose a new effective method wusing appropriate
mathematical tools to extract trap signatures using the
isothermal relaxation method [8]. A first advantage of this
method is that it is non-destructive; tests are performed on real
III-V  transistor structures and under real functioning
conditions. Moreover, it permits to discriminate trap capture
or/and emission phenomena and to localize traps in the bulk
structure.

In this paper we propose a brief description of DLTS
technique used to extract III-V device deep level trap
signatures. A complete description of the isothermal relaxation
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method theory and experimental techniques are reported and
the experimental equipment is presented.

We develop a new effective process using relevant
mathematical tools, which allows to automatically extract
deep trap activation energies and capture cross sections with
the possibility to choose the precision of the calculation. The
last part presents results obtained with this method applied to
Metamorphic HEMTs and compared to those obtained using
the DLTS method.

II. METHOD OF TRAPS MEASUREMENT IN THE STRUCTURE

Many trap characterization techniques are cited in the
literature; the largely used one is the DLTS [3][4]. This
method gives directly the trap emission (or capture) rate in a
material. Its principle is described below.

A. DLTS Principle

Deep Level Transient Spectroscopy DLTS [3]
investigates defects present in a charge (depletion) space of a
simple electronic device. DLTS technique consists in
analysing trapping/detrapping mechanisms related to the
variation of p-n junction or Schottky diode capacitance.

It is realized by a repetitive traps emission and/or capture
process that occurs when applying a positive or negative bias
to the junction. To find trap’s signature, capacitance transients
must be measured for many temperature values. The
normalized DLTS signal S(7,t,t,) is simply the capacity
variation in a defined time window [¢,, #,] between t; and t, for
a given temperature value T, as given in (1):
S(T,t,t,)=C(T,t,)-C(T,t,) . (1)

C(T,t;) is the capacitance value measured at the time ¢ for
a temperature T.
The DLTS spectrum is obtained by plotting S versus
temperature. This curve has a peak at a specific temperature
T The emission rate e, corresponding to T, is [3]:

G /t) 2
L-t

Many slow temperature scanning realized with varying t,

and t, values permit to obtain [e,(7,;), T,;] values and

consequently to draw the Arrhenius plot In(z7?) as a function

of 1000/7 , where7 =1/e, . The activation energy E, and the

cross section of a trap o, are determined from the slope and the
intercept at 1000/T equals to zero of the Arrhenius plot.



The DLTS method gives easily the couple (e,, T) for each
measurement. However, when more than one trap is present in
the semi-conductor, this method becomes inaccurate.
Furthermore, this technique permits to identify traps in a
simple junction, but is not adapted to extract traps into a
structure more complicated like Field Effect Transistors.
Moreover, considering that nowadays the transistor gates are
very small, DLTS requires a more sensitive capacitance meter.

Solutions have been proposed in response to these
limitations:

e Current DLTS (CDLTS) which measures the drain-

source transient current after switching the gate bias.
This technique gives traps located in the entire channel
between the source and drain but it is still not precise
enough [9].

e Automated Digital (DLTS) permits to digitally store
transient signal. So it becomes possible to extract a
transient containing multiexponentials due to the
presence of more than one trap [4]. Nevertheless, it still
takes a long time to achieve measures for large interval
of temperature.

Another approach, called Isothermal Relaxation Method,
allows extracting and localizing several traps mechanisms in
the real transistor structure. This technique is detailed in the
next passage.

B. The Isothermal Relaxation Method

1) Measurement principle:

Isothermal relaxation Method consists in measuring the
drain transient current of a real transistor structure under gate
switching conditions. Measurements are performed when the
device is under realistic operational biases. The experimental
platform we develop is illustrated in Figure 1. An adapted
circuit has been realized to eliminate low frequency
oscillations that generally affect the measurement precision.
The DUT is placed in a vacuum cryostat that allows
measurement with temperature variation from 173 to 373K.
The developed platform has been improved and automated.
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Figure 1: Equipments connecting scheme for isothermal relaxation experiment

The near pinch-off drain current is governed by the free
carrier emission and/or capture from deep levels situated in
the space charge zone, after that a zero gate bias filling pulse
has been applied. First, a negative bias V, is applied to the
transistor gate. At ty a filling traps (V,=0V) gate bias is
applied. The return to V, at time t; induces an electron

emission/capture (or the two phenomena combined) from traps
to the conduction band. This moment corresponds to the
beginning of drain current measurement. The full drain current
(Iy) transient (1000 discretized values or more) curve is
obtained. It has a multiexponential form due to the presence of
traps. Different curves can be observed as a function of
trapping/detrapping mechanism (Figure 2).
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Figure 2: Drain current transient measurement: (a)- emission process, (b)-
capture process, (c) and (d)- combined emission and capture processes

The total charge Q within the transistor depletion region is
contributed by the ionized shallow donors (Np concentration)
and the deep traps (traps concentration Nt) [10]. This charge
increases when traps are occupied. Thus, by shortly forward
biasing the gate V, to fill the traps with electrons, one should
be able to observe a variation in the charge with time as the
traps emit electrons and return to equilibrium:

i
t—t
O()=q| N, —N; exp(_Tl] . (3)
1 t=t

There is a linear dependence between the drain current and the
variation of the charge [10]. So if there is only one trap
mechanism in the studied structure, the drain current transient
can be expressed by:

i

t—t,
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with I,y the drain current value at V=V, , t; the starting
time of the emission/capture (or the two combined)
mechanisms and z; the thermal constant of the trap. In the case
of simultaneous trap processes (n trap exponential
contributions), the drain current transient is a multiexponential
and its expression is:

t—t,

Id(t):Id0+ Zai exp(_T] . (5

i -

The extraction of the parameters a; allows the calculation of
traps concentration. The parameter 7, directly determined from
I4 measurement, as a function of the temperature permits to
access to traps signature (activation energy and



capture/emission cross section).
Indeed 7 is directly related to the emission/capture rate e, by

the relation e, = % . Its expression is:

e, =a,N,(T)u(T) exp(_E%Tj =o,N, 0, (%]2 exp(_E%{Tj ,(6)

7
with N (T)=N, [LJ the effective density of state in the
c o T

0

A
conduction band, ¢ (7) = v, (1] the thermal velocity, £, and
! T,

0
o, respectively the activation energy and the emission/capture
cross section of the trap; T;=300K.

The study of Arrhenius plot In(z7°)as a function of
1000/ gives the trap parameters (E, and ©,). E, is the line
slope given by equation (8) and g, is calculated as follows:

T’ _ 1 2 E/ _ E/
e__o'aTCOUOTO exp( KT)—CGXP( KT) (7)
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The ordinate at origin of the graphical representation of (8)
gives In(C) and consequently o, according to

1 . o
C=——T;. It has been demonstrated in [8], that it is
O-aNCOUO

easy to calculate the
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N, = L, with Z the gate width, q the electron charge,
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trap concentration given by:

Vg the electron saturation velocity and d4 the thickness of the
doped layer (currently the barrier).

We develop a mathematical process based on this theory for
the experimental measurement technique. Mathematically we
can express the multiexponential drain current transient (5) as

follow:

1,(t,)=a,+ Y a,exp(-ait,), j =0,..N )
i=1

where N is the number of measured points.

2) Mathematical processing

The goal of this mathematical processing is the following:
given measures of the drain current transient values function
of the time for distinct values of the temperature, find (if there
exist) traps in the active layers. It can be achieved by
extracting parameters ¢, a, and ¢, for each temperature

measurement and plotting Arrhenius diagram.

a) Non-linear fitting of curves
Given a temperature T, the input of our program is
measurements of the drain current transient values function of
the time.
During the measures, informations are stored in a text file

containing two columns: one for the time ¢ and the other for
the drain current transient value I4(t).

(1) Number of exponentials

The problem of finding an estimation of the number of
exponentials n (cf.(9)) is known to be difficult. There exist
some approaches (See [12] and references therein) that
provide an estimation. In our implementation, we proceed as
follows: the user chooses the maximal number of exponentials
N that he wants in his model. Then we compute recursively
the non-linear fitting [4(t) (i.e., we compute the o; and the a;)
for n=n,., npu-l,...,1. Finally, among the n,, model
computed, we select the one that minimizes the least square
error.

(ii) Computation of the a; and a;

Now we suppose that the number # of exponentials is given.
The Prony's method ([14] or [13][12][11]) has long been
existed as a numerical algorithm fitting a sum of exponential.
Roughly speaking, if p=t¢,, —t, denotes the constant time

between two measures, this method consists in computing the
r,:=exp(—a,p) as roots of a polynomial which coefficients

are obtained by solving a linear system. Then the a; are
naturally computed by solving the linear rectangular system
given by Equation (9).

The drawback of this method and of its improvements (see
[13][12][11]) is that the matrices of the linear systems
considered are known to be severely ill-conditioned which
implies that these methods are numerically unstable:
consequently, they are not relevant to handle our very noisy
measures.

Instead, we use an alternative approach based on the
Nelder-Mead simplex algorithm [15] to minimize a non-linear
function of several variables. We use the Matlab®
implementation of this algorithm: the fininsearch function.
The method can be sketched as follows:

e  Make a guess for initial estimates of the o;

e Compute the corresponding a; by solving System (9);
e  Compute the least square error in this fit;
e Adjust the o and go back to Step 2.

We have implemented this in Matlab using both fininsearch
and the function fitfun which, given estimates for the o,
computes the least square error in the fit. Our prototype
implementation invokes fminsearch which minimizes the error
returned by the fitfun function by adjusting the values of the ¢
(see the fitfun help page in Matlab™). We noticed that in Step
2, the linear system is solved using the /insolve function of
Matlab.

The results of this fitting section (Figure 3) are stacked in a
text file containing three columns: the temperature T the o; and
a; computed by our algorithm. Table 1 is part of this file. It
gives parameters o; and g; calculated for a given temperature.

The temperature values and the «; are used in the following



section to construct the Arrhenius diagram whereas the q;
parameter serves to distinguish capture from emission
phenomenon and to calculate trap concentrations.

Time (s)

Figure 3 . I transient current fitted curve with Matlab function

TABLE I : MULTIEXPONENTIAL COEFFICIENTS
CORRESPONDING TO THE FITTED CURVE

i : Number of

exponential pooa 6 T; (K)
| 1 ©1.39 ¢ 0014 1 238
2 L0181 427 1 238
| 3 1 0.0483 1 21.10 | 238

b) Arrhenius diagram and traps
The Arrhenius diagram of an electronic component is
obtained by plotting the values of
tT° =T 2/06- as a function of 1000/7 in a semi-logarithmic

scale. Consequently, it can be easily deduced from the values
of the a; computed by our non-linear fitting method described
in the previous subsection. Note that for a given temperature
T, the number of points in the vertical line /000/T equals the
number of exponentials of the model found by our algorithm
of the previous section.
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Figure 4. Arrhenius plot at many temperature values

Now, we are going to develop a method for finding traps.
The signature of a trap is given by Equation (8).
A trap corresponds to a straight line of slope E, and ordinate at
the origin In(C) in the graph In(¢7?) function of 1000/T .

Consequently, finding traps is reduced to finding straight lines
in the graph In(z7?) function of 1000/7 . From the explanations

above, given 7, the distinct values of In(z7?) corresponding to
T are obtained from the values of the «; computed by our non-

linear fitting algorithm. Moreover, with the previous notations,
a; > 0 corresponds to a capture whereas a; < 0 corresponds to
an emission. Consequently we know distinct values of In(z7?)
for distinct values of 1000/7 and for each value we know if it

corresponds to a capture or an emission phenomenon.
We treat separately the set of points corresponding to capture
and those corresponding to emission. For both set of points,
our algorithm proceeds as follows:
e Select two points 4 and B having different abscissa and
such that the slope of the straight line (4B) is strictly
greater than 0;

e Search among all the other points those located at a
distance less than a chosen ¢ from (4B) (at most one
point by vertical line);

e If the number of points found in Step 2 is “sufficiently
large”, then:

(a) Compute a linear regression of the set of points
selected which characterizes a (possible) trap;

(b) Check that the characteristics of the possible trap
found are relevant for a trap;

(c) if so, then we have found a trap and we eliminate
the points belonging to it;

e Go back to Step 1 until all the possible lines (AB)

have been chosen.

We have to give some precisions about this method. First,
we always run our algorithm for five choices of € in Step 2
which are 0.005, 0.01, 0.05, 0.1, and 0.5. In Step 3, we
consider that we have a possible trap if the number of points in
the band defined by (4B) and € is greater or equal to 4
(counting 4 and B). In Step 3(a), the linear fitting is computed
using the function polyfit of Matlab”. Once we have a possible
trap, in Step 3(b), we make some tests in order to confirm or
not that it can be a trap: first we check that the slope of the
trap (which corresponds to its activation energy) is greater
than those of the traps located on the right and lower than
those of the traps located on the left.
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Figure 5 . Arrhenius plot for 3 precision values. a- €=0.005, b-e=0.01 and c-
£=0.05

Moreover, we check that the activation energy E, found
satisfies £, > 0.1 and the capture (or emission) section o,
satisfies 10" < o, < 10" (parameters directly linked to
materials used in the transistor layer structure). For each value
of ¢, the output of our algorithm is a list of traps given by the
numbers of points it contains, its activation energy and its
capture (or emission) cross section. Furthermore, for each e,
the traps found are drawn in the Arrhenius diagram plotted in
a semi-logarithmic scale.

Once we have the five graphs, we must analyze them in
order to select or discard some of the traps that have been
found, taking into account the real transistor epitaxial
structure. This analysis, which is the content of another current
work, depends on certain criterions that are difficult to
implement in a computer.

TABLE II : SIGNATURE OF CALCULATED TRAPS

s TN mpe (el Grueenen
0.005 1 capture 0.15 0.2 10"
0.01 1 capture 0.20 0.4 10"

2 capture 0.16 0.27 10-"7
1 capture 0.42 04101
0.05 2 capture 0.20 0.4 10"
3 capture 0.16 0.27 10"
1 capture 0.54 0.1310™
2 capture 0.49 0.3410™
0l 3 emission 0.47 0.7210™
4 capture 0.26 0.34 10"
5 capture 0.17 0.5510"7
6 capture 0.16 0510
1 capture 0.62 0.4 10"
2 emission 0.40 0.74 107"
0.5 3 capture 0.27 0.3310"¢
4 capture 0.26 0.810"
5 capture 0.18 0.8 10"

III. HEMT INALAS/INGAAS/GAAS

The isothermal relaxation was carried out on InAlAs-
GalnAs-GaAS MHEMT that are well adapted to optical high
bit rate telecommunication systems.

Studied transistors were grown by Molecular Beam Epitaxy
on GaAs substrate.

The device cross section is given in Figure 6.
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Figure 6. Schematic cross section view of a double channel MHEMT

Conventional MHEMT presents a mismatched structure
between the GaAs substrate and the metamorphic materials. It
is necessary to use an adaptive layer between the active layer
and the substrate. So the principle of the metamorphic
structure is based on the growth of this layer, so called
“graded buffer layer”. It permits to:

e Allowing a better electric isolation;
e Blocking the propagation of dislocation in the HEMT
active layers.

The composite channel MHEMT we studied, presents a
double channel structure. The Indium rate is 40% in the
channel and 30% in the sub-channel. Under high electric field,
the electrons are lead to the sub-channel that presents the



lower Indium rate (lower impact ionization) which increases
the component performances. A double recess permits to get
away the gate from the contact layer. It provides a limitation
of the holes backgating current. Expected results from such
technology consist of V4 voltage amelioration for a given
current density. Unfortunately, this technology is still
suffering from many inconvenients due to the traps presence
in the structure.

The isothermal relaxation method was investigated to
identify traps in this structure. The tested devices present a
gate development of 8x25um width and 130 nm length.

In Figure 7, the transconductance curve is represented as a
function of V. We can distinguish two zones:

Area A: (V,, <—0.41"): the depletion zone is situated in the

barrier.
Area B: (-0.4V <V, <-1.4V"): the depletion zone includes

the channel.
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Figure 7. G, = f(Vgs) characteristics for double channel MHEMT

The variation of the gate bias permits to achieve different
levels of channel depletion and to identify the traps present at
each level. When isothermal relaxation experiment is used, for
a gate pulse varying from 0 to -0.2 V, channel is not depleted,
so traps situated in the barrier layer are activated and
identified. In addition, for a gate pulse from 0 to -1.4V the
channel is completely depleted, traps present in the barrier and
the channel can be identified. During our experiments, the gate
is biased with a pulse having an amplitude varying from 0 to
maximum pinch-off voltage (-1.4V) and drain bias is fixed at
1.5V (saturation regime). A filling pulse of 3 seconds and a
sample number of 1000 were fixed. Measurements are
recorded in obscurity for a temperature range of 197K-343 K.

In Table III, we recapitulate the traps found and their
localization in the structure bulk. Traps found are compared to
those found in the literature using other techniques. Results
are in the same order of magnitude. This validate our
methodology.

TABLE III : TRAPS FOUND IN MHEMT STRUCTURE

Our results In the literature

Layer E. (eV) 6, (cm?) Reference Tet;hsl;;que i}c(lenvz))

0.6 7.5x10" | Faye[17] | Not defined 0'54,15
InAlAs 5.6x10
Barrier 0.7 | 2.5x10™ | Hong[16] | Not defined Ogjiol'g,,]

04 | 8.18x10" Re[zlzg"]“g DLTS lxol‘g.m
ggi:; 03 | 8.18x10™ Re[zlzg‘a“g DLTS X Xol'g.m

T Bl e
InAlAS 0.5 | 3.75x107° H‘E%TW DLTS 4'70:;%,16
Buffer 0.7 | 1.65%10™ | Hong[16] | Not defined o_g;f,liolﬁ-n

IV. CONCLUSION

The DLTS technique is currently used to determine traps in
materials. Furthermore, this technique permits to identify traps
in a simple structure, but is not well adapted to extract traps
into a heterostructure, more complicated, like Field Effect
Transistors. This paper develops Isothermal Relaxation
technique and its associated algorithm that permits to calculate
traps signature and locate the deep levels in the structure bulk.
The developed effective method using mathematical tools
associated to the Isothermal Relaxation Technique forms a
complete technique that permits to measure drain transient,
extrapolate its exponential coefficients, calculate traps
signature and find their localization in the structure in a
shorter time. Our technique was carried out on InAlAs/InGaAs
MHEMT. Traps signature have been identify and compared to
ones, obtained with other techniques, referenced in the
literature, in order to validate our methodology.
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