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Nonlinearity of Diffusion Resistors at High-density Current
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The paper presents the results of an experimental study of the current dependence of the resistance of
diffusion resistors (DR) produced by the "silicon with dielectric insulation" technology, with different geo-
metric characteristics, in particular, length and thickness, with a current density of 105 A/cm2. The analy-
sis of the obtained results is carried out and three areas on the dependence of resistance on current R(J)
are determined. The first region is an ohmic plot, on which the resistance value of the diffusion resistor is
linearly dependent on the current value. The second region of the curve R(I) is characterized by the pres-
ence of strong nonlinearity, jumps and a sharp increase in the resistance of the DR, which happen due to
the emergence of a high electric field in the DR. The third region on R(J) is characterized by a decrease in
the value of the current resistance: the thicker the DR, the lower the peak value of the resistance. It is
shown that the change in the length and the decrease in the thickness of the diffusion resistors lead to a
change in the length of the linear region on R(I): the smaller the length, the lower the resistance of the
sample and the longer the area of stable differential resistance. The region of the linearity of the diffusion
resistor is determined on the basis of the differential resistance on the current dependence. The linearity of
the resistance was defined as the region where the change in the differential resistance did not exceed
10 % of its value at some small electric field: the largest region of the linearity of the resistor is present in a
specimen with a length of 2.4 pm and a thickness of 8.4 pm. The revealed characteristics of the behavior of
the resistance of the diffusion resistor are due to the change in its physical characteristics as a result of
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significant self-heating.
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1. INTRODUCTION

Diffusion resistors are the most common type of re-
sistors in semiconductor integrated circuits (ICs). They
are manufactured in a single technological process with
the base or emitter. The resistance of a diffusion resis-
tor (DR) is the volume resistance determined by the
thickness of a diffusion layer. It is determined by the
geometrical dimensions of a resistive layer, which in
turn is characterized by specific surface resistance ps
[ohm/square]. ps is a constructive parameter of a DR
that depends on technological factors (diffusion re-
gimes). When creating ICs, the parameters of diffusion
layers are optimized in order to obtain the best charac-
teristics of n-p-n-type or p-n-p-type transistors. This
explains why the parameters of the DR are improved
not by varying technological regimes, but by matching
the configuration and geometry of the DR. Phenomena
associated with self-heating caused by the high-density
current flowing through the DR are therefore investi-
gated to determine limiting regimes for the operation of
the DR depending on the geometrical parameters. At
the same time, nonlinear phenomena in the DR are of
interest when developing elements for functional elec-
tronics, considering the surface condition of the passiv-
ating dielectric layer. Quite a number of studies are
devoted to the development of mathematical models for
calculating the self-heating in semiconductor devices
and the application of these models in computer simula-
tion systems. However, systematic experimental studies
of this phenomenon, particularly non-linear effects
under extreme conditions, are only at the initial stage.
In this work, we present the results of experimental
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investigations of the nonlinear behavior of resistance
and the effects revealed in DRs at high density current.

2. EXPERIMENTAL
2.1 Work Motivation

For low-resistance resistors (tens of ohms), the
shape and size of contacts were chosen in such a way
that the resistance of the adjacent section was much
lower than the resistance of the active zone of the DR.

DRs with a resistance from several hundred ohms
to kiloohms have a one-strip design and the width of
the adjacent area is equal to the width of the resistor.
High-resistance resistors (60 kiloohms) have a meander
shape (like snakes). The length of one-strip DRs does
not exceed the active zone dimensions (0.5-1 mm) of the
crystal. The width is limited by the window’s minimal
width under diffusion determined by photolithography
properties (2.5-3 nm) and by lateral diffusion. Typical
resistance values for DRs, which can be obtained for
the given specific surface resistance ps, are in the range
of 4 ps < R < 10*ps. The low boundary is limited by the
resistance of adjacent area; the top boundary is limited
by the available area for the DR.

The maximum resistance of a DR is about 60 kiloohms
if the area destined for the resistor is not very large (up
to 15 % of the crystal). The reproducibility of nominal
values of the resistance is as a rule 15-20 % and depends
on the resistor’s width. Deviations from nominal values
for resistors located in one crystal are caused by techno-
logical inaccuracies, they have the same sign, and, as a
result, the ratio of resistances remains highly accurate.
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For the same reason, the temperature coefficient (TCR)
of their ratio is small compared to the TCR for one
resistor [(1.5-3) x 104 1/°C]. This feature of DRs is
taken into account when designing semiconductor ICs.

Field-emitter resistors of small nominal (3-100 ohms
with TCR = (1-2) x 10-* 1/°C) are formed using appro-
priate doping and diffusion conditions. The isolation of
individual elements in an IC can be realized by a p-n
junction or a dielectric layer in the structure manufac-
tured by “silicon with dielectric isolation” (SDI) technol-
ogy. Diffusion resistors, like other resistive elements, are
characterized by the following parameters: value range
of nominal resistances, permissible deviation of re-
sistance, TCR, appropriate power dissipation and maxi-
mum applied voltage [1]. It is also important to take into
account the maximum heat dissipation when developing
DRs. The excessive dissipated power, which is caused by
the self-heating of a DR during operation, leads to non-
linear I-V dependence because the resistance of a DR
depends largely on temperature. Therefore, this requires
the use of relatively wide diffusion strips in ICs, which
allows to dissipate the higher power. It should be noted
that the limit value of the dissipative ability depends on
the dissipative properties of the heat-radiating elements
of the structure which are sealed in semiconductor ICs [1].

The size of ICs is reduced significantly by the micro-
miniaturization of all components in ICs. However, the
value of the flowing current remains the same. This
leads to an increase in current density. Therefore, the
investigations of DRs at high densities of flowing cur-
rents are relevant and interesting for developers of IC
elements. The purpose of this work is to investigate the
resistance of DRs of various sizes as a function of the
voltage at high current densities.

The significant nonlinearity of the resistance of SDI
structures suggests the possibility of using them as a
basis to create highly sensitive sensors, where a surface
potential changes as a result of interaction with analyte
gas molecules or a liquid medium. The presence of a
neutral oxide layer on the surface protects DRs against
a potentially aggressive external environment, while at
the same time facilitating the transfer of the surface
potential to the volume of the semiconductor. Local self-
heating can be limited in space by scaling and in time
by the application of a pulsed mode of operation. The
sensitivity of the SDI current structure to the charge
state of the surface may be realized by a change in the
spatial distribution of the thermal fields in a semicon-
ductor under the influence of the redistribution of the
surface potential.

2.2 Materials and Methods

The DRs manufactured by SDI-based technology [2]
were taken as experimental samples (see Fig. 1). SDI
technology allowed a bridge to be created from the
monocrystalline silicon in a “pocket” from a dielectric
SiO2 layer placed in a matrix of polycrystalline silicon,
as shown in Fig. 1. Current was supplied through an n*-
n-n* structure with metallic contacts to n* areas. The
area of energy release (10-7-10-6cm?2) between the
contacting areas of metallization was part of the semi-
conductor and it was covered with a silicon dioxide lay-
er. The main parameter characterizing this area is the
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ohmic resistance R =V / I, where Vis the bias voltage, I
is the current flowing through the DR. The value of R
for various SDI structures changes from a few ohms to
tens of ohms and is determined by SDI structure geom-
etry: the length L, width W and thickness Hi.
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Fig. 1 — General view of DR design produced on the basis of
SDI technology: a — parallel current flow, b —non-parallel
current flow. L is the geometric length of n channel (distance
between the edges of windows in the oxide). Hi is the "pocket"
depth. H 1is the sub-alloying depth. Sample parameters:
H=5pum, H1=2.8 pm to 10.5 um, area is equal to 10-7 cm? to
106 cm?2, volume is equal to 10-'1cm3 to 109 cm3, L = 2.4; 5.6
and 8 um

DRs were separated from the substrate by a SiO2
layer (2.5 pm thick). The n area in the “pocket” was
fabricated from monocrystalline silicon with n-type
conductivity and a resistivity of p = 1.0 ohm x cm. How-
ever, because of technological processes, the resistivity
decreased to p=0.7 ohm x cm, which corresponds to
the impurity concentration n = 6.4 x 105> cm=3. The n*
areas were obtained by the thermal diffusion of phos-
phorus into “pockets” to a depth of H =15 pm. The re-
sistance ps of these areas was 1.4 ohm/square, which
corresponds to the concentration of impurities of
n*=11 x 10 ¢m~3. This led to sub-alloying under the
oxide edge to the depth of 2.8 um. Characteristics of
investigated samples are given in Table 1. Here, Vinax 1s
the maximum voltage applied to the sample during the
measurements, and Inex is the maximum current flow-
ing through the sample.

During the measurements, a constant current mode
was used at each point.

3. EXPERIMENTAL RESULTS

Fig. 2 shows the dependences of resistance versus
current for DRs of different lengths (L =2.4; 5.6 and
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8.0 pm) and 9.8 ym thick. These samples (N2, N3, N4
structures, respectively) satisfy the ratio Hi/H = 1.97.
Fig. 3 shows the resistance dependence on the current
for DRs of different thicknesses (Hi1=8.4; 9.8 and
11.9 um) and L = 8 um. For these samples (N5, N6, N7
structures), the ratio Hi/H is 1.68; 1.97; 2.38, respec-
tively. Three sections can be distinguished in the R-I
curves presented in these figures.

Table 1 — Characteristics of samples investigated

Sample Thickness Hi1| Length L | Inax | Vinax R
[um] [pm] [A] | [V] |[[Ohm]
N2 9.8 2.4 0.36 | 4.06 5.85
N3 9.8 5.6 0.35 | 4.37 6.70
N4 9.8 8.0 0.27 | 4.07 9.35
N5 8.4 8.0 0.30 | 3.93 14.27
N6 9.8 8.0 0.27 | 4.07 9.63
N7 11.9 8.0 0.20 | 4.06 11.31
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Fig. 2 — The resistance dependence on current in structures
N2, N3, N4 with the thickness Hi=9.8 um and different
lengths L = 2.4; 5.6 and 8.0 pum, respectively

In the first section, the resistance of the samples is
only slightly dependent on the current. The change in
the length L of the DRs leads to changes in the re-
sistance and the extent of the linear section. The
smaller the length L, the lower the resistance of the
sample and the longer the linear section of R-I curves.

R-I dependences of samples with the same length ob-
tained for different thicknesses (see Fig. 3) demonstrate
that the linear section length increases monotonically
with increasing thickness of DR. However, the resistance
in this section of the curves behaves more complexly.
The minimum resistance was found for a sample with an
intermediate thickness (Hi=9.8 um), while a sample
with minimum thickness (H1 = 9.8 um) showed the max-
imum resistance. This corresponds to simple geometric
considerations. Perhaps the described anomalous behav-
ior of the DR resistance may be explained by the differ-
ent influence of heat sink conditions:

R=psxL/W, 1

where W is the width of the resistor, and ps decreases
with increasing thickness Hi according to the law de-
termined by the doping profile of the DR structure.
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Fig. 3 — The resistance dependence on current in structures
N5, N6, N7 with L = 8 pym and different thicknesses Hi=11.9;
9.8 and 8.4 nm, respectively
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Fig. 4 — The differential resistance dependence on current in
N2, N3, N4 structures with different lengths L = 2.4; 5.6 and
8 pm, respectively

The second section of the R-I curves is characterized
by a strong superlinearity. When the sharp increase in
resistance is observed, the current decreases with in-
creasing length L and decreasing thickness H;.

The third section of the R-I curve is characterized
by cessation of growth and a reduction in the resistance
of the samples with increasing current. There is a more
significant decrease in resistance in samples of maxi-
mum length and in samples with a shorter length. The
decrease in resistance is insignificant for sample N3
and completely absent for sample N2.

For a more detailed study of the features of the non-
linear behavior of the samples, the dependence of the
differential resistance on the current was obtained in the
section where their values are positive (Fig. 4 and Fig. 5).

For comparison, Fig. 6 shows the differential re-
sistance Ruaiff of the measured samples from Fig. 4 and
Fig. 5 normalized to Ruif(0) corresponding to zero cur-
rent. These values were determined by extrapolation.
The linear section of the resistance was defined as the
section where the change in the differential resistance
did not exceed 20 % of the value in the vicinity of the
zero current (dashed line in Fig. 6).
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Fig. 5 — The differential resistance dependence on current in

structures N5, N6, N7 with L = 8 um and different thicknesses
Hi1=11.9; 9.8 and 8.4 um, respectively
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Fig. 6 — The normalized values of differential resistances as a
function of current for all measured samples

As follows from Fig. 6, the most extended linear sec-
tion in samples with short length: for sample N2
(L = 2.4 pm) nonlinearity starts at 0.24 A, and for sam-
ple N3 (L = 5.6 um) — at 0.18 A. At the same time, sam-
ples of length 8.0 um (N4-N7) show approximately the
same extent of the linear section (up to 0.10-0.13 A)
with a weak dependence on the thickness Hi.

4. DISCUSSION

The analysis of the results shows that the experi-
mental values of DR resistance are about the same as
the estimated values (within 10 % margin of error).
According to the theoretical formula (1), an increase in
the length and a reduction in the thickness lead to an
increase in the DR resistance in the linear section. By
measuring the DR resistance, we determined the resis-
tivity and the concentration of charge -carriers
n=>5x10%cm-3 [3].
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In the first linear region of the R-I curve, the re-
sistance was determined by the dopant concentration
and mobility. The dependence on the longitudinal elec-
tric field is small and can therefore be neglected. The
weak growth of resistance in this region can be ex-
plained by the weak dependence of the mobility on
temperature 1 ~ T-¥2 and by weak self-heating.

The second region of the R-I curve is associated
with the appearance of a local high field in the DR [3].
This region is a thermal gradient drift domain (TGD
domain) [4]. This domain is formed by inhomogeneous
Joule self-heating combined with the presence of bipo-
lar conductivity arising from the thermal generation of
electron-hole pairs at a sufficiently high temperature.
The temperature can be estimated using the method
described in [5]). The results show that even at 0.1 A,
self-heating causes the temperature to reach the value
of 700 °C, which exceeds the intrinsic temperature for
silicon with a doping level of N=5x10%cm-3
(T = 350 K) [1]. Under the same heat sink conditions,
shorter and thinner samples are heated up less. This
reflects that the shorter and thinner the DR is, the
larger the linear section of the resistor. This was also
registered in the experiment (see Fig. 6).

A further increase in current leads to an increase in
the DR temperature and a transition to the third sec-
tion, in which the voltage drop in the DR in some ap-
proximation does not depend on the current. This is due
to the fact that self-heating to higher temperatures
results in the filling of high-field space with carriers
generated by the heat and in the destruction of the TGD
domain. In Fig. 2 and Fig. 3, we can see that the DR
resistance in this case begins to decrease almost linearly.

A subsequent increase in current causes the DR to
heat up to a temperature where the breakdown current
occurs between the contacts.

5. CONCLUSIONS

As a result of the work, the electrical parameters of
"silicon structures with dielectric insulation" with dif-
ferent geometric characteristics were investigated and
important parameters such as the size of the linear
part of the R(I) curve were determined. The shorter
and thinner the DR, the longer the region of the linear-
ity of the curve R(J).

The nonlinear behavior of the R(I) dependence is
revealed. The important parameters of the local effects
of a strong electric field are determined. The shorter
and thinner the DR, the wider the region of the lineari-
ty of the R(I) curves.

It was found that when the depth of pockets in-
creases, their influence on the behavior of the R(I)
curve gradually decreases and continues to disappear.
The physical explanation of the revealed complex be-
havior of the R(I) dependence is proposed. It is shown
that the detected effects are related to the formation of
strong-field domains due to self-heating.
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HeniuiitaicTs nudysiiinux peaucropis npu cTpyMi BUCOKOI IIiJILHOCTI

C.II. ITaBok, B.I. I'puropiox, M.B. ITerpuuyk, B.M. Tenera, C.A. BiryceBuu

Kuiscoruii nayionanvruli ynisepcumem im. T. Illesuenra, ays. Bonooumupcvra, 64/13, 01601 Kuis, Yikpaina

¥ po6oTi mpeicTaBIEHO Pe3yIbTaTH eKCIIePUMEHTATBHOTO JIOCTKeHHS 3aJIeMKHOCTI OTIOPY AUy 3IHHIX
peaucropiB (JIP) Bix cTpyMy, BUTOTOBJIEHUX 3a TEXHOJIOTIE€I0 «KPEMHIN 3 J1eJeKTPUIHOK 130JIAITIEION, 3 Pi3-
HUMH TeOMETPUYHUMHU XapaKTePUCTUKAMH, 30KpeMa, IOBKMHOI Ta TOBIIMHOWL, IPH TYCTHHI CTPyMY IO
10> A/em2. IIpoBeeHo aHaIi3 OTPUMAHUX PE3yJIbTATIB 1 BUSHAYEHO TPHU 00J1aCTl HA KPUBUX 3AJIEIKHOCTI OII0-
py pesucropa Bijg crpymy R(I). [lepmia obsacts — oMiyHa JUISHKA, HA SKIH 3HAYEHHS OIOPY AUQY3IAHOIO
pe3ucropa JIHIAHO 3a1eRuTh Bix crpymy. Jpyra obmacts kpusoi R(J) xapakTepuayeThCst HASBHICTIO CUIIBHOL
HEeJIHIMHOCTI Ta CTPUOKAMHU 1 pidkuM 30iabnreHHAM omopy JP, mo mos's3amo i3 BUHUKHEHHAM 00J1aCTi BU-
cokoro esiekrpuasoro mossd B JIP. Tpers obmacts 3amesknsocti R(I) xapakTepuayeTbes 3MEHIIEHHAM BeJIUYH-
HU omopy Bix crpymy. Yum ToBmimM € JIP, TMM MeHIe mikoBe 3HaYeHHs oropy. IlokasaHo, 1Mo 3MiHa J0B-
JKUHU 1 3MEHIIIeHHS TOBIIUHU AU(y31MHIX PE3UCTOPIB MPU3BOIATD J0 3MIHNA HPOTAKHOCTI JIHIMHOL JIITHKA
sameskHocti R(l). Yum MeHIIa QoBKHHA, TUM MEHIIHUHI OMIip 3pasKka 1 TUM JOBINA JIJIAHKA CTAJIOr0 AudepeH-
wiHoro omopy. I3 3amesxHoCTl MHdepeHIaaIbHOTO0 OIIOPY BiI CTPYMY BH3HAYEHO O0JIACTI JIIHIMHOCTI OIIOPY
nudyaitiaoro pesucropa. O61acTh JIHIAHOCTI omopy OyJia BU3HAYEHA K 00JIACTh, e 3MiHA AudepeHIliaIb-
HOro omopy He mepesuiryBasa 10 % Bixg #oro 3HaAYEHHS IIPYU MaJIOMy eJIeKTPUYHOMY IIOJIi: HaiOlibia 00-
JIACTH JIHIHHOCT] pe3ncTopa Mae Miclie B 3pas3Ky JOBMKUHOI 2.4 MKM Ta TOBIMHOWL 8.4 MrM. BussieHi ocob-
JIMBOCT] IIOBEJIHKU OIIOPY AX(Py31HHOT0 Pe3nCTOpa IOSICHIOITHCS 3MIHOI0 MOro (i3WYHUX XapaKTepUCTUK B
pe3yabTaTi 3HaYHOTO CAMOHATPIBaAHHS.

Kimouosi cnosa: {udysiviauit peaucrop, Omip, Hemniuifiaicrs, CamoHarpiBaHHs.
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