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Abstract. We investigated /-7 curves and thermometric characteristics of heavily doped p-
silicon structures at liquid helium temperatures. The variable-range hopping conductivity is
shown to occur in the structures studied. The obtained parameters of non-ohmic Mott con-
ductivity and their temperature and electric field dependencies enabled us to explain the
features in structure thermometric characteristics. It is shown that both height and position of
the responsivity peak depend on the extent to which the hopping conductivity is non-ohmic.
They are essentially determined by the density of states near the Fermi level.
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1. Introduction

The silicon diode sensors are widely used in modern cryo-
genic thermometry [1, 2]. Their main characteristics are
(1) thermometric characteristic, i.e., temperature depend-
ence, U(T), of the voltage drop U on a diode through which
a continuous direct current / flows and (ii) responsivity,
dUIdT. Atlow temperatures a non-monotonic responsivity
change with temperature and its abrupt (tens-hundreds of
mV/K) jump are observed. Such a behavior of thermo-
metric characteristic in the low-temperature region is typi-
cal also of the Ge-, GaAs- and GaAlAs-based diode tem-
perature sensors. It is related to a change in the current
flow character in diode structures, or, in other words, to
an active role of the series resistance of diode sensor base.

Up to now, the mechanisms for current flow that de-
termine formation of thermometric characteristics at low
temperatures are the least understood. At liquid helium
temperatures conduction occurs through hopping over
impurity states. So it is particularly sensitive to the fea-
tures in the density of states energy distribution over semi-
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conductor gap [3, 4]. The compensation degree and dop-
ing levels in a semiconductor determine the spread in both
spacing between the electron localization centers and bind-
ing energies of electrons on the impurity centers. This
permits occurrence of different (activation, as well as vari-
able-range) hopping conductivity mechanisms [5].

When explaining experimental data concerning tem-
perature dependence of conductivity oin heavily doped
silicon, the authors of [5] used the concept of a hopping
conductivity mechanism whose temperature dependence
is g~ exp(T'2). Such dependence is related to the pres-
ence of a Coulomb gap at the Fermi level. At the same
time the results of simulation show [3] that at liquid he-
lium temperatures the Coulomb gap is spreading, and
this should result in the o ~ exp(7*1#) dependence.

Our work deals with investigation of low-temperature
current flow mechanisms in test structures that serve as a
basis for silicon diode temperature sensors, as well as
determination of physical parameters that are responsi-
ble for thermometric characteristic formation and struc-
ture responsivity at liquid helium temperatures.
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2. Samples and experimental technique

We investigated test p-silicon resistors. They were pre-
pared using boron diffusion to a semi-insulating substrate.
The boron surface concentration was about ~300'8 cm.
The resistor length was from 17.5 to 52.5 pm.

The experimental studies of resistor thermometric
characteristics were performed at the automated certi-
fied bench UGT-A. The operating current was maintained
at a required level with accuracy better than * 0.05%.
The maximum value of main absolute error when meas-
uring temperature was = 0.03 K over the 4.2 to 373 K
temperature range.

The resistor I-V curves were taken at the automated
bench over the 4.2 to 13 K temperature range and 10-'! to
102 A current range. The thermostatic control of the sam-
ples studied was performed in liquid helium vapors. In
this case the temperature level was maintained with ac-
curacy better than * 0.01 K. When measuring voltage
(current), error was below = 5mV (£5 %).

3. A model for resistor low-temperature con-
ductivity

The boron impurity concentration Ny in the resistors stud-
ied was 30008 cm3 (with the compensation degree K << 1).
So the spacing between impurity atoms (Ng) 3 > ¢ where
a (23 A) is the radius of the state of a hole localized on a
boron atom. It is known [6] that in doped semiconductors
at low temperatures most of the impurity atoms are neu-
tral, if Na® << 1 and the compensation degree K << 1.
Only small amount of them take part in the current flow
process. In this case the charge carrier transitions be-
tween the atomic states involve phonons. When tempera-
ture goes down, then both the phonon number and energy
decrease, and charge carriers hopping between states that
are closer in energy (even if they are spaced wider) be-
comes more preferable than that between the nearest
neighbors whose energies differ substantially. This
mechanism is known as variable-range hopping conduc-
tivity, or Mott conductivity. Mott has shown [4] that such
a conductivity is realized when hopping occurs between
the states lying in a narrow energy range near the Fermi
level. According to [6], a width of such an optimal range
& is:

g0(T) = (kT)*"* Ng()a’1"* . (1)

Here g(p) is the density of states at the Fermi level 1,
k is the Boltzmann constant and T'is temperature. In this
case conductivity gis of the following form [4]:
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Here b is a numerical coefficient that is determined in
the percolation theory, and s, according to theoretical
estimation [6], is:

oy =Om ds’h* x? 14E2e®) 7 (1, 1T)CV/4 =
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Here d is the crystal density; e is the electron charge;
h is the Planck constant; s is the sound velocity in a crys-
tal; x is permittivity; £ is the deformation potential con-
stant; Vis an index that determines correlation radius for
an infinite cluster in the percolation theory (in the three-
dimensional case it is 0.9).

When temperature goes down, then the mean hop-
ping range R grows as

R=(al2)(TyIT)"*. )

In low electric fields Mott conductivity is ohmic. The
energy gained by a charge carrier at the hopping range
R grows with electric field and may become comparable
to kT. The following two electric field ranges may be
distinguished where ohmic type of conductivity breaks:
kTlea> E > kTleR (intermediate fields) and E >> k T/ea
(high fields) [7]. For intermediate electric fields an ap-
proximate expression for the non-ohmic Mott conductiv-
ity is [8,9]:

a 14 ad
= S 0% T)EC, 6
o erpo % +a( ) H (6)

where a(T) = RCel/ kT ,and Cis a constant. Then

a(T) =agT > = Ce(al2)(T)* k717754 )

The expression (6) was obtained using the concept of
an optimal range of density of states [4]. So this expres-
sion is very crude at intermediate and high electric fields,
since in this case the symmetry of the problem studied is
violated. However, the electric field dependence of con-
ductivity given by (6) has been confirmed experimentally
for various semiconductors [10, 11]. The same field de-
pendence has been obtained also using computer simula-
tion of the corresponding problem in percolation theory
[7]. In this case it was found that parameter C depends on

/4
temperature 7 but slightly, C = (14 +2) 103 %% ’
and its values lie between 0.21 and 0.39.

4. A comparison between the model for resistor
low-temperature conductivity and experiment

An analysis of the test resistor conductivity in the 4.2
to 13 K temperature range was based on comparison be-
tween (i) the theoretical and experimental o(E) curves at
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a constant temperature value and (ii) theoretical and ex-
perimental o(T) curves at a constant electric field value.
The experiment has proved that o(E, T) did not depended
on the distance between contacts. Therefore, conductiv-
ity was determined by the properties of sample bulk.

Conductivity ovs electric field E curves at different
temperatures are shown in Fig. 1. From them one may
conclude that conductivity is non-ohmic. It may be pre-
sented, to a high degree of accuracy, as

In[o(E,T)] ~a(T)E . )

Let us determine the temperature dependence of pa-
rameter o in expression (8) using the results given by
Fig. 1. One can see from Fig. 2 that the experimentally
found a(T) curve coincides with the theoretical one and is

of the form a(T) = aOT_SM, where a, = 0.03. Using
expression (7), one can write down the o(E, T) function as

O(E,T) =0y exp{Ce(al2)(Ty I T)"* x

<(kT)VE - (Ty 1T)4) (©)
Shown in Fig. 3 are both experimental and theoreti-
cally calculated Ino( 7, E) curves for three values of elec-
tric field. One can see that at electric fields E~10? V/cm
conductivity is rather accurately described by the Mott
law (2) over the whole temperature range studied. From
this one may estimate the parameter (7,)"/4= 364 K14,
With allowance made for expression (5), the condi-
tion for the ohmic character of Mott conductivity to break,
E > kT/eR, is of the following form: E > kT%*/e(a/2)x
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Fig. 1. Conductivity o vs electric field E curves at different
temperatures.
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Fig. 2. Temperature dependence of the coefficient a: dots —
experiment, lines — theory.

x(Tp)"4. The corresponding estimation gives E > 30x
x(T)>* V/em. Since it is supposed [7] that expression (8)
holds for electric fields E < k T/ea, one gets: 30007)>* V/cm
< E < 500[T V/cm. These criteria are obeyed over the
whole temperature range studied.

Using the experimentally found values of parameters
Ty n ap and their analytical expressions (3) and (7), one
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Fig. 3. Logarithm of conductivity vs T"# curves at different electric
fields: dots — experiment, lines — calculated with expression (9).
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can determine C in expression (7): C = 0.3. This is in
agreement with the results of [7]. One can also determine
from expression (3) the density of states at the Fermi level:
g(1)=9.600'8 eV-'ecm™3.

Now, after all the parameters in expression (9) have
been determined, one can obtain theoretical expressions
for o(E, T) and compare them to the experimental results
found at different electric field values. Fig. 3 illustrates
the degree of agreement between the dependencies calcu-
lated from expression (9) and experimental data.

A comparison between the theoretical (gyt (4)) and
experimental (Oyg) values of the pre-exponential factor
in the expression for conductivity may serve as an addi-
tional check for Mott type of current flow in the test resis-
tors studied. Our estimations (made for 7= 10 K) give:
Opr= 9.7-10°Qlem! , O = 107 Qlem ™.

Thus, a comparison between the results of experimen-
tal investigations of low-temperature conductivity for test
resistors and theoretical description of non-ohmic Mott
conductivity shows that they are in satisfactory agreement.

5. Thermometric characteristics of test resistors
From the model considered it follows that the I-V curve

of the test resistor may be presented as

v O 10

-V
S 4 - t U
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Here a; =a( /L ; L is the spacing between the test
resistor contacts; S is the resistor cross-section area; U is
the voltage applied to the sample studied.

Fig. 4. Experimental and theoretical (expression (12)) thermo-
metric characteristic of resistor with L = 17.5 pum at three operat-
ing current / values.
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The above expression enables one to analyze the ef-
fect of hopping conductivity on the resistor thermometric
characteristic. Using expression (10), one can write down
the relation between E and T at I = const:

| —
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The solution to the equation (11) is expressed through
the Lambert function L[W(T)]:

2-v
4

an

5/4
E(T)= LIw(T)], (12)
ap
v2 i
__ I ap [ 0
where W (T) _—SJOO —T5/4 %E exp - g é

Shown in Fig. 4 are both the experimental thermo-
metric characteristics and calculated (from (12)) U(T)
curves. One can see that the model used enables one to
describe the experimental thermometric characteristics
over a wide (1070 to 10 A) operating current range. The
temperature dependencies of resistor responsivity, d U/d T,
calculated from expression (12) are given in Fig. 5. Their
feature is presence of a peak; this is also observed in ex-
periment. From expression (10) it follows that responsivity
due to hopping conductivity is negative over the tempera-
ture range studied. Its magnitude is determined by the
hopping mechanism parameters g, Ty and v.
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Fig. 5. Theoretical temperature dependence of responsivity for
test resistor with L = 17.5 pm at three operating current / values
(expression (12)). The experimental positions of responsivity peaks
are marked with asterisks.

403



Yu. M. Shwarts et al.: Non-ohmic Mott conductivity and thermometric characteristics ...

Thus, allowance for non-ohmic character of the Mott
conductivity enables one to adequately describe the ex-
perimentally observed resistor thermometric character-
istics.

6. Effect of model parameters on the resistor
thermometric characteristics

Using expressions (7) and (10), one can present the resis-
tor I-V curves as

1=(S1L)oyUexp[~(Ty IT)'* +a,77'4U] 13)

Let us consider the effect of the Mott conductivity
non-ohmic character on the resistor thermometric char-
acteristic and perform an analysis of the factors resulting
in peak appearance on the temperature dependence of
responsivity.

1. The non-ohmic character of the I-} curves for the
samples studied in the Mott hopping conductivity region is
determined by the parameter o (T):Ce(a/2L)TO1 k7L,
as well as a ratio between the two terms in the exponent
(13). This ratio depends on the impurity band param-
eters T and «a (they determine both the charge carrier
energy & and hopping range R), as well as the current
(electric field) and temperature. At low currents the effect
of the Mott conductivity non-ohmic character decreases.
To illustrate the impact of this effect on formation of the
thermometric characteristic, let us consider two resistors
(whose hopping conductivity parameters are the same)
differing in the spacing between contacts. In this case, at

the same voltage drop, the electric field E (as well as
current /) in the longer resistor will be less than the same
quantities in another one. The theoretical and experi-
mental thermometric characteristics for two resistors of
different lengths that are presented in Fig. 6a demon-
strate the effect of non-ohmic conductivity on the form of
thermometric characteristics. One can see from Fig. 6a
(curve 1) that an increase in electric field leads to a more
smooth temperature dependence of responsivity. There-
fore one can affect both the thermometric characterisctic
form and responsivity value (through a change in non-
ohmic character of Mott conductivity) by varying the
intercontact spacing and, correspondingly, current (or
electric field) value. It should be also noted that an in-
crease in the spacing between the resistor contacts (at a
fixed current value) results in a shift of thermometric char-
acteristic along the U-axis.

2. An analysis of the theoretical thermometric char-
acteristic shows that a peak on the temperature depend-
ence of responsivity (see Fig. 5) stems from the non-ohmic
character of Mott conductivity in the resistors studied.
Both the height and position of the peak depends on the
parameter T( (determined by the density of states at the
Fermi level that is related to the impurity concentration)
and operating current value. At low current (electric field)
values the non-ohmic character of conductivity decreases
in importance, and the peak disappears. The dependence
of temperature value that corresponds to the highest
responsivity on the density of states at the Fermi level is
shown in Fig. 7. It is of interest that an increase in the
index Vv (that determines correlation radius for percola-
tion cluster) up to 0.99 [6] results in disappearance of the

Fig. 6 a). Experimental and theoretical thermometric characteristics for two resistors (differing in length L) at the same voltage drop
at a temperature of 4.2 K: dots — experiment, lines — theory. 1 — L = 17.5 pm, 7 = 1.800% A; 2 - L = 52.5 um, I = 8.500% A.

b). Experimental and theoretical thermometric characteristics for two resistors (differing in length L) at two operating current values:
dots — experiment, lines — theory. L = 17.5 pm: 1 — I =100 A; 2 - I =10° A; L=525pum: 3 -1 =100 A; 4 -1 = 107 A.
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Fig. 7. Temperature at which responsivity peaks as a function of
the density of states at the Fermi level for two operating current
I values: 10® A (full curve) and 10 A (dotted curve).

peak. Thus, the temperature dependence of the pre-expo-
nential factor in the expression for hopping conductivity
also is of importance in formation of the responsivity non-
monotonic behavior at low temperatures.

Conclusions

The presented results of our investigations of heavily
doped diffused silicon structures prove that at liquid he-
lium temperatures and low electric fields their conduc-
tivity is of hopping type. Its temperature dependence is
o~ exp(T"4). The feature of current flow in the structures
studied is that Mott conductivity is non-ohmic at electric
fields 30[07)°* V/cm < E < 500LT V/cm. This is due to an
electron energy increase at the hopping range.

The model for conductivity chosen by us made it pos-
sible to explain the features of observed thermometric

SQO0, 3(3), 2000

characteristics, such as (i) non-monotonic character of
responsivity in the 4.2 to 13 K temperature range; (ii)
presence of a peak on the dU/dT curve (whose height may
reach 200 mV/K); (iii) effect of operating current value
and resistor length on the responsivity and form of ther-
mometric characteristic. It is shown that position of the
responsivity peak essentially depends on the density of
states at the Fermi level.

The results obtained should be taken into account
when developing wide-range cryogenic diode tempera-
ture sensors.
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