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Current-voltage characteristics and temperature response curves
of silicon diode temperature sensors were investigated at low
temperatures. The proposed theoretical model of the low-
temperature current flow in nt+ — pT diode structures takes
into account the mechanism of non-Ohmic conductivity with
variable-range-hopping in the range of a diode base and the
tunneling current through a potential heterojunction barrier. Such
a heterojunction is formed due to the asymmetric narrowing of
a forbidden gap in the n*t and pt regions, induced by the
high and different doping levels of the emitter and the base of
diode. The found dependences of the parameters of non-Ohmic
hopping conductivity upon the temperature and the electric field,
have allowed us to explain the observed features of diode sensor
sensitivity in the range of helium temperatures.

Introduction

Use of the temperature dependence of voltage drop
on a diode U(T) during the flow of a constant
direct current through it has allowed to create highly
sensitive and interchangeable silicon diode temperature
sensors (DTS) with a working range 4.2—500 K [1—
3]. The thermometric characteristics (TMC) U(T) of
such sensors are well predicted in the temperature range
77—500 K, where the diffusion and/or recombination
currents are responsible for the structure sensitivity
(dU/dT~ —2 mV/K) [3]. In the range of cryogenic
temperatures (4.2—77 K), the contributions of the
diffusion and the recombination currents decrease and
the role of the tunneling current increases [2], if
the impurity concentration in a diode base reaches
the critical values, stipulating the semiconductor/metal
Mott transition [4]. At this, the sensitivity drops to
values of —(0.8—1) mV/K.

In this paper, we discuss a nature of the record-
breaking high sensitivity, experimentally observed in
silicon DTS (dU/dT ~ —180 mV/K) in the region of
helium temperatures. The investigation of the physical
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processes at low temperatures, stipulating so high
dU/dT values, is very important for the understanding
of the operation of semiconductor devices of low-
temperature electronics as well as for the construction
of cryogenic semiconductor temperature sensors and for
the optimization of a design and a technology of wide-
range temperature sensors.

This paper is devoted to the investigation of the
features of low temperature conductivity and to the
modeling of the mechanisms of low temperature current
flow in heavily doped ntT— pt silicon structures, as
well as to the determination of the physical parameters
responsible for the formation of DTS thermometric
characteristic and sensitivity in the range of helium
temperatures.

1. Samples and Experimental Methods

The DTS investigated in this paper were developed
basing on the industrial planar diffusion technology of
silicon diode chips. The concentration of boron in the
diode base is Ng = 3-10'® cm ™3, and the compensation
level is K =0.03. The phosphorus concentration in the
emitter is Np = 5-10%° cm?.

The direct current-voltage characteristics of diodes
were measured in the range of currents 10~'!—1072
A and in the temperature range 4.2—13 K, using the
automatic test bench. The error in the temperature
maintaining did not exceed +0.01 K. The sensor TMCs
were measured using a metrological test bench UGT-A
with stabilization of working currents not worse than
+0.1 %. The main absolute error of measurements did
not exceed +0.03 K in the temperature range 4.2—
373 K.
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2. Model of the Heterojunction in a Diode
Structure

To explain the nature of the low temperature current
flow in DTS, we consider properties of a doped diode
structure. For the acceptor concentration Ng = 3 - 10'8
cm~? in the structures studied, ahNé/3 <1 (ap =~ 23
A is the radius of a localized state of a hole on a boron
atom). Under such conditions, boron creates an impurity
zone along the diode structure, which is separated from
the valence zone by the band of forbidden states. Since
Np =5-10%° cm™ in the n™* diode region, the donor
impurity leads to a Mott junction in the emitter [4].

It is known [5] that high levels of a doping impurity
modify the silicon band structure and lead to a
narrowing of the band gap width of the semiconductor.
According to [6], the main contribution to the shift
value of a conduction band bottom AFE, and a valence
band top AF, is given by the exchange interaction
AEic(yy = 1.83AR.(,)/(Ny)'/?r; and the interaction
between charge carriers (majority and minority) and
impurity atoms AFEy.,) = 1.57Re(h)/Nbr§/2, where
Ny is the number of energy valleys in the conduction
(valence) band,rs = ro/a(n),ro is the average distance
between the impurity atoms (47 Npgyrg /3 = 1), aen) =
Eh/ﬂ'm:(h)(f is the electron (hole) Bohr radius, R ) =
13.6m’g(h) /g% is the effective Ridberg energy, € is the
permittivity, ¢ is the elementary charge, mz(h) is the
electron (hole) effective mass, & is the Planck’s constant,
A=1 for the conduction band and A=0.75 for the
valence band. While determining the shift of the valence
band top, a contribution of the electron-hole interaction
AFE; = 0.95Rh/7“§/4 is also taken into account.

The estimations carried on according to [6] give a
total narrowing of the band gap in an n™* diode region
AE; ~130 meV. The values obtained agree well with
the published data [7].

A contact of the m™F region with a band gap
narrowed due to a high doping level with the pT
region with a wider band gap, can be considered
as a heterojunction (Fig. 1). Closely to the junction
boundary, the depletion layers with widths L, and L,
are located. The ratio of these widths is L,/L, =
Np/Np ~10%. The contact potential, which determines
the band bending, accords to the difference of the Fermi
level energies in the n™ and p* regions prior to their
contact, Ucont, & Fp — F,, =1 eV.

Modeling the silicon devices with p — n junctions as
heterojunctions with regard for the effects of high doping
was discussed in [8]. However, for the analysis of the
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Fig. 1. Energy diagram of the nt+ — pT diode structure under
equilibrium. Eg1, Eg2 are band gap values in the n*t+ and pt
regions, respectively, AE. and AE, are the energetic breaks of
edges of the conduction and valence bands, respectively, Ey is
the Fermi level, Ej is the energy barrier, AD is the width of the

acceptor impurity zone

physical processes related to the current at low
temperatures, such an approach was not used before.

3. Current Flow in Diode Structures

At low temperatures, the voltage U applied to a diode
structure is redistributed between the voltage drop on
the nt+— pT junction (Uy) and the voltage drop in the
diode base (Up). Then

U%Ud-i—Ub:Ud—l-I(L/S)O’_l, (1)

where [ is the dirrect current through the diode, L, S
are the length and cross-section of the current conductive
region of the diode base, respectively, and o is the base
conductivity.

Two characteristic slopes can be distinguished in the
experimental current-voltage characteristics measured
in the temperature range 4.2—13 K (Fig. 2). For the
voltages 1—1.06 V, the current through a diode weakly
depends on the temperature with activation energy ~ 1
meV (Fig. 3) and sharply increases under small voltage
change. Such dependences are typical of the tunneling
mechanism of current flow.

Let us analyze the influence of a heterojunction on
the current flow in a diode. At low temperatures, when
the applied direct offset U is smaller than the contact
voltage between the nt+ and p' regions, the current
is absent through the diode, since the potential barrier
Ucont is too high for free carriers in the conduction band
of the n™* region, as well as for localized carriers in the
acceptor impurity zone. Out of the space charge region
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Fig. 2. Current-voltage characteristics of a diode structure at
different temperatures. Dots are experiment, solid lines are the
result of calculations
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Fig. 3. Dependence of the current on 1/7" in the temperature range
4.2—13 K at U=1.04 V. e — experiment, A — calculation

of a junction, the boron impurity zone in the n*+ region
is filled with electrons completely, while empty states
are present in the impurity zone of the pT region due to
the compensation degree K ~1073.

At raising the direct voltage offset, when the lower
edge of the impurity zone in the p' region descends
below the impurity zone (the top of the modified valence
band) in the nT region, electrons can pass from the n*+
region into the p one. At this, a current flows through a
diode. The passing rate of electrons from the n*+ region
is determined by the tunneling probability through a
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Ep:

Fig. 4. Model of tunneling in a nt+ — p* diode structure at direct

offset. The arrows show possible ways for tunneling

barrier. Since the impurity acceptor zone in the emitter
region of a diode is fully filled with electrons, it cannot be
conductive. This means that an increase of the number
of electrons tunneling into the pT region of the impurity
zone which can conduct current should occur through
the conduction band of the emitter by a recombination
transition of electrons into the impurity zone close to
the heterojunction. This mechanism is similar to that
proposed in [9], where the recombination occurs through
surface states on the interface.

The following possible tunneling ways can be
considered. Electrons from the emitter conduction band
can pass into states in the conduction band and then
tunnel into the impurity zone of the p* region, or
electrons can pass into free states in the impurity zone of
the nt region close to the junction, and then tunnel into
the impurity zone of the p* region. The tunneling model
in the n*+ — p* diode structure under consideration
under direct voltage offset is shown in Fig. 4.

Using the results of [9] for the tunneling through
a potential barrier of a heterojunction, the following
expression can be written for the tunneling current I:

*\1/2
where
Ey = (Ucont — Ua)g, (3)
Ucont = (Eg1 + AE, — dp)/q, (4)

Ey is the barrier height, Ey; is the band gap width in
the n*™ region, A E, is the energy break between the
edges of the valence bands, dp is the distance of the
Fermi level from the valence band top in the p region,
A is the quantity weakly dependent on the voltage and
temperature, m* is the effective mass of carriers in the
impurity zone.
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In the framework of the model chosen, the
slope of the current-voltage characteristics under the
tunneling mechanism of current flow is determined
by the parameter Ur which is not dependent on the
temperature and voltage:

Ur = 3h(Ng/m*e)'/?/4. (5)

Since the exact data on the effective mass in an
impurity zone, and the permittivity of silicon with
concentrations interesting for us are absent, we use
e = 11.47 and m* = 0.3my [10] for estimations, which
results in Up & 0.015. According to the experimental
data, Ur = 0.014+3.9-107%T'. A weak dependence of the
Ur on temperature can be stipulated by the sensitivity
of this parameter to details of the potential profile of an
impurity zone in the pT region of a heterojunction, and
to the distribution of energy levels in the impurity zone.
To find the potential distribution in a region close to the
heterojunction, the distribution of states in the impurity
zone should be known, but any information is lacking at
present.

Thus, under the direct voltage offsets U ~ Ucont,
the main voltage part drops on the heterojunction, and
the tunneling mechanism of current flow dominates in
the diode structure. At U exceeding Ucont, a part of the
voltage Uy & U — Uont drops on the diode base.

We have shown in [11] that at low temperatures
the current flow occurs through the impurity zone in
testing structures which are basic for DTS. Such an
impurity zone arises due to the casual heterogeneity
at considerable doping levels and consists of a huge
number of localized states occasionally distributed in
both the energy space (in a certain energy band) and
semiconductor bulk. The electric conductivity in the
impurity zone is realized by electron hopping from one
localized state into another due to the finite overlap of
electron wave functions on these states. Such a hopping
is possible only if some of these localized states have
no electrons, i.e., when the impurity compensation takes
place.

The analysis of the experimental current-voltage
characteristics of testing structures has shown [11]
that, at electric fields E <10? V/cm, the conductivity
of base structures in the temperature interval under
study, is described well by the Mott law [4]. Mott
conductivity in Si:B with a concentration of 3.5-10'®
cm ™ was also observed experimentally by authors of
[12] in the range 1—7 K. The peculiarity of a current
flow in the testing base structures is the non-Ohmicity
of hopping conductivity with variable hopping length
(Mott conductivity) which is observed in the region of
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moderate electric fields ¥T'/qay, > E > kT /qR(20T°/* <
E < 370T V/cm). It is stipulated by the increase of the
electron energy by an electric field on the hopping length
R. The dependence of conductivity on the electric field
and temperature has the following form [11]:

o(E,T) =09 exp{Cq(ah/Q)(To/T)1/4x

x(kT)'E — (TO/T)1/4} ~ expa(T)E, (6)

where a(T) = (C/kT)(anq/2)(To/T)'/* = apT /4,
Ty = 16/g(,u)a2, g(p) is the state density at the Fermi
level u (in the framework of the model chosen, g is
constant), C' is a constant.

The voltage drop in a diode structure with hopping
conductivity in the base, in the region of moderate
electric fields looks as

U=Ug+ U, = Uy+

a T3/ (U - U,) — (%)1/4] }_1, (7)

where ay = ag/L.

Using (1), (2) and (7), the current-voltage
characteristics have been calculated taking into account
the theoretical dependence oo (T') [13], the experimental
dependence Uy (T), the values of the parameters a; ~26
em-K%/4/V, (Ty)'/*=39 K/, which were found from
the experimental current-voltage characteristics of the
testing base structures [11], and using the fitting
parameter A=6-10"'2A. As can be seen from Figs. 2 and
3, the model proposed describes the principal features of
the current-voltage characteristics of the diode structure
studied.

S
+I{ zao exp

4. Thermometric Characteristics and DTS
Sensitivity

Using the model of the low-temperature current flow in
a diode structure, one may calculate the sensor TMC.
For this, Eq. (7) should be considered as a dependence
U(T) at a constant current value. To find U(T"), we used
the non-linear least-square Newton—Gauss method. The
calculation has been carried out using the Optimisation
Toolbox extension package of the MatLab software. The
results of numerical modeling as well as the experimental
TMC for different values of the working current are
presented in Fig. 5.
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Fig. 5. Thermometric characteristics of DTS for the working
currents, I, uA: 1 — 1; 2 — 0.1; 3 — 0.01. Lines are experiment,
dots are the result of calculations

In Fig. 6, the experimental and theoretical
dependences of sensitivity upon the temperature are
presented, which were obtained by spline interpolation
for different values of the working current. Note that the
model proposed describes the characteristic features of
the dU/dT behavior that are observed experimentally,
namely: (i) its absolute value growth with decrease in
temperature, (ii) the curve maximum and its shift with
decrease in the working current. The maximum DTS
sensitivity is ~ —180 mV/K. For the current 1 pA,
it is observed at T=7.6 K, for 0.1 uA — at T=5.6 K.
The maximum becomes less expressed when the current
decreases. For a current of 0.01 pA, it is absent at all in
the temperature range under investigation.

The increase of the DTS sensitivity with the
temperature drop from 14 to 4.2 K occurs under the
increase of the contribution of conductivity of the diode
base region to the current flow. The non-Ohmicity
of the current-voltage characteristics in the region of
Mott hopping conductivity is determined by the relation
between the first and second terms in the exponent in
Eq. (7). This relation depends on the impurity zone
parameters (Tp, a), the current (electric field) value,
and the temperature. The maximum of the temperature
dependence of sensitivity (Fig. 6) is stipulated by the
non-Ohmic character of Mott conductivity in the DTS
base. At low current (field) values, the role of the non-
Ohmicity decreases, and the maximum disappears.

Therefore, choosing the base length and the working
current value (or the field region), one may influence the
TMC form as well as the value of sensitivity, by
changing the contribution of non-Ohmicity to the Mott
conductivity.

1004

T, K

Fig. 6. Temperature dependence of DTS sensitivity for the working

currents, I, pA: 1 — 1; 2 — 0.1; 3 — 0.01. Lines are experiment,
dots are the result of calculations

Conclusion

1. High doping levels of the nt*+ region of a diode
structure lead to the asymmetric narrowing of the band
gap by ~ 130 meV, and the formation of an n*+ — p*
heterojunction potential barrier. The proposed model
of the current flow in the ntt — p* structure with
the account of non-Ohmic Mott conductivity along the
acceptor impurity zone in the diode base and the tunnel
current through the heterojunction potential barrier
between the n™ and pt parts of the impurity zone
describes quite well experimental current-voltage diode
characteristics.

2. The considered combined model allowed us to
calculate the TMC and the temperature dependence of
DTS sensitivity and to explain the peculiarities observed
experimentally, namely: (i) the non-monotonous
sensitivity in the temperature range 4.2—13 K, (ii)
the maximum of dU/dT, whose value reaches ~ —180
mV/K, (iii) the influence of the value of current on
the TMC and the sensitivity forms. The theoretical
dependences agree well with the experimental data and
can be used for the optimization of the cryogenic DTS
parameters.
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MOJEJIOBAHHA HUSBKOTEMITIEPATYPHOI'O
CTPYMOIIEPEHECEHHZ I YYTJ/IUBICTDH

B KPEMHIEBUX JIOJHUX CEHCOPAX
TEMIIEPATYPU

FO.M. Ilsapy, M.M. Ilsapy, O.M. Isauierxo,
0.B. Koudpawyxk, JI.1. IlInunap

Pezwowme

Boabr-ammepHi i TepMOMETpHYHI XapaKTEPUCTUKU KPEMHIEBHX
nionamx cencopie temmeparypu (JICT) mocmimkeHo mpm Hu3b-
KHX TeMIIepaTypax. 3alpOMOHOBAHA MOIEIb HU3BKOTEMIIEPATYP-
woro crpymorepenecennss ntT — pT B gioamiit crpyxTypi Bpa-
XOBy€ MexaHi3M Heomiunol crpubkoBoi mposigmocTi 3i 3MiH-
HOIO [JOBXKHMHOIO cTpubka B 06a30Biif obmacTti gioma i TyHeIb-
HEAY CTPpyM Kpi3b moTeHmiagbHuE 6ap’ep rerepomepexony. Taxwmit
reTepornepexisy yTBOPIOETHCS BHACTILOK ACHMETPUYHOTO 3BYIKEH-
us mupuan 3abopowenoi 30mm B ntTt- i pt-obmacrax, zymos-
JIeHe BHCOKHMMH i DI3HUMHU pIiBHAMH JIETYBaHHS eMiTepa Ta 6a-
3u gioja. 3HaliaeHi 3aje)XHOCTI mapamerpiB HeOMigHO! cTpub-
KOBOI IIPOBIJHOCTI Bij, TeMmepaTypu i eJeKTPUYHOIO IOJS JI0-
3BOMIUIN 3’SCYBATU XapPAaKTepPHI OCOBJMBOCTI UyTJIMBOCTI Iiofd-
HHUX CEHCOPIB, sKi crmocrepiraloTses B 00s1acTi resmieBux TeMmepa-

Typ.
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