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Low-resistance ohmic contacts to p-type GaN achieved by the oxidation
of Ni/Au films
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~Received 15 March 1999; accepted for publication 7 July 1999!

A contact has been developed to achieve a low specific contact resistance top-type GaN. The
contact consisted of a bi-layer Ni/Au film deposited onp-type GaN followed by heat treatment in
air to transform the metallic Ni into NiO along with an amorphous Ni–Ga–O phase and large Au
grains. A specific contact resistance as low as 4.031026 V cm2 was obtained at 500 °C. This low
value was obtained by the optimization of Ni/Au film thickness and heat treatment temperatures.
Below about 400 °C, Ni was not completely oxidized. On the other hand, at temperatures higher
than about 600 °C, the specific contact resistance increased because the NiO detached fromp-GaN
and the amount of amorphous Ni–Ga–O phase formed was more than that of the sample annealed
at 500 °C. The mechanism of obtaining low-resistance ohmic contacts for the oxidized Ni/Au films
was explained with a model using energy band diagrams of the Au/p-NiO/p-GaN structure.
© 1999 American Institute of Physics.@S0021-8979~99!00820-8#
a
ia

e
e

s
d

t

fo

t

tl
fo
uc

gh

n-
tra
v

er

y
r
h,

m

e-
on-
n

not
rk
on-

-
the
ly
ina-
d

k
al-

nds,
r-
ial
ere
se
tal-

-

I. INTRODUCTION

Group III nitride semiconductors have attracted great
tention in recent years owing to the successful commerc
ization of light emitting diodes from ultraviolet to visibl
range1–5 and the development of laser diodes with a lifetim
longer than 10 000 h.6 Meanwhile, various kinds of device
based on these materials have also been developed, inclu
ultraviolet photoconductive7,8 and ultraviolet photovoltaic
detectors,9 heterojunction phototransistors,10 metal-
semiconductor field effect transistors,11 heterostructure field
effect transistors,12 modulation doped field effec
transistors,13 and heterojunction bipolar transistors.14 Low-
resistance ohmic contact to GaN is essential to the per
mance of these devices.

Previous studies have demonstrated ohmic contac
n-GaN with specific contact resistance (rc) as low as
1026– 1028 V cm2 by using Ti/Al/Ni/Au15 or Ti/Al/Pt/Au16

contacts with proper surface pretreatment of GaN. Curren
Ti/Al based metallization schemes are widely used
n-GaN contacts. The formation of the reaction products s
as Al–Ti intermetallics,17,18 TiN18,19 and AlN19,20 was pro-
posed to explain the mechanism of obtaining lowrc . How-
ever, low-resistance ohmic contact top-GaN so far has had
little success with reportedrc values greater than
1024 V cm2. These higher values are inappropriate for hi
performance devices having small contact areas.

The difficulties in achieving low-resistance ohmic co
tacts top-GaN are due to the fact that the carrier concen
tion of p-GaN cannot be increased to a degenerate le

a!Electronic mail: jinkuo@itri.org.tw
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during epitaxial growth, and a practical metal with a high
work function than that ofp-GaN is not available. Mg is
typically used as ap-type dopant with an activation energ
of about 170 meV,21,22 which is very low compared to othe
acceptors. However, this activation energy is still too hig
implying that only about 1% of Mg dopants ionize at roo
temperature when the doped Mg concentration is 1020cm23.
Meanwhile, the formation of Mg–H complexes further r
duces the carrier concentration. Therefore, the carrier c
centration of thep-GaN layer is limited to a value less tha
mid 1018cm23.1,23 Diffusion24,25 and ion implantion26–29

were studied to increase the carrier concentration, but did
reveal any significant improvement. Metals with a high wo
function were chosen to obtain low-resistance ohmic c
tacts, e.g., Au,30,31 Ni,30,32 Pd,33 Pt,30,34 Ni/Au,34–39

Pt/Au,34,38 Cr/Au,37 Pd/Au,37,38,40 Pd/Pt/Au,34 Ni/Cr/Au,35

Ni/Pt/Au,41,42 and Pt/Ni/Au.42,43 The semiconductor’s sur
face condition prior to metal deposition also influenced
contact. A very thin layer of native oxide could severe
degrade it. Conversely, the reduction of surface contam
tion also reducedrc .36,40 Unfortunately, the lowest reporte
value ofrc with proper surface pretreatment ofp-GaN was
only 431024 V cm2. Since using a metal with a high wor
function cannot obtain an ohmic contact of the required qu
ity, the concept of solid phase reaction proposed by Sa
Marshall, and Wang44 was employed. This approach inco
poratedp-type dopants into the semiconductor superfic
layer to produce a low-resistance contact. Mg and Zn w
categorized to shallowp-type doping elements, hence, the
dopants were added into the contact metal. Although me
lization schemes including Au/Mg/Au,31 Ni/Mg/Ni/Si,45

Ni/Au–Zn,46,47 and Cr/Au–Zn,47 were investigated, no evi
1 © 1999 American Institute of Physics
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dent progress was made in decreasingrc with rc limited to
1023 V cm2 range. Recently, Suzukiet al.48 proposed that
metals having strong binding energies with hydrogen ato
can make low-resistance ohmic contacts top-GaN because
the metals can attract the hydrogen atoms fromp-GaN at
high temperatures to increase the hole concentration
p-GaN. The use of Ta/Ti as the metal contact obtained arc

as low as 331025 V cm2. Unfortunately, this contact is un
stable in air.

Another approach to achieving low-resistance ohm
contact is through semiconductor band gap engineer
Small band gap semiconductors can promote thermio
emission of carriers. Thus thin, heavily doped cap layers
small band gap semiconductors have been applied to var
devices to obtain low contact resistance InN, having a low
band gap than GaN and AlN, should produce a lower con
resistance when a layer of InN or InGaN is built on Ga
Although then-type InGaN/GaN epitaxial structure suppor
this notion,49 no actual reports onp-GaN have yet been car
ried out. Another possibility for making low-resistance co
tacts by band gap engineering is to construct a superla
structure that combines a top layer with the well mater
Tests with n-GaN using an InN/GaN strained superlatt
and an InN cap layer have verified that this approa
works.50 However, its effectiveness givenp-GaN has not
been tested.

Recently, Hoet al.51 reported a method to obtain a
ohmic contact to p-GaN with rc lower than 1.0
31024 V cm2. Ni/Au metal films were deposited onp-GaN
and then heat treated in an oxidizing ambient at temperat
between 400 and 500 °C. Ni transformed to NiO, while A
remained in the metallic state. That investigation conjectu
that the creation of low-resistance ohmic contact is attribu
to the formation ofp-type NiO. Cross-sectional transmissio
electron microscope analysis revealed that the as-depo
Au film converted into discontinuous islands connected w
p-GaN.52 Besides crystalline NiO, an amorphous Ni–Ga–
phase was also present at the interface between the co
and p-GaN. These results suggest that the crystalline N
and/or amorphous Ni–Ga–O phase may play a signific
role in lowering ohmic contact resistance top-GaN. NiO,
which is a p-type semiconductor, may serve as a medi
betweenp-GaN and metal in forming ohmic contacts. In th
investigation, we achieverc with a value as low as 4
31026 V cm2 by adjusting the Ni/Au thickness. In order t
understand the mechanism for obtaining low contact re
tance top-GaN, a model based on energy band diagram
also proposed to explain the results which will be discus
below.

II. EXPERIMENTAL PROCEDURES

The GaN samples used in this study were grown b
low pressure metalorganic chemical vapor deposit
method on~0001! sapphire substrates. The substrates w
cleaned with organic solvents before loading into the che
cal vapor deposition system. A thin GaN nucleation lay
was initially grown on sapphire at low temperatures, f
lowed by a 2-mm-thick undoped GaN and 2-mm-thick Mg
Downloaded 08 Apr 2004 to 128.200.94.51. Redistribution subject to AIP
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doped GaN at about 1000 °C. During GaN growth, trimeth
gallium, ammonia, and bis-cyclopentadienyl magnesi
were used as Ga, N, and Mg sources, respectively. The
rier gas was H2. The undoped GaN was inherentn-type with
carrier concentration of 131017cm23, and the hole concen
tration of the Mg dopedp-GaN was 231017cm23 after heat
treating in a nitrogen atmosphere. The average surf
roughness measured with a stylus surface profilemeter
below 10 nm. The GaN epilayers measured had about
arcsec of full width at half maximum of~0002! diffraction in
the rocking curve x-ray diffraction~XRD! analysis.

The specific contact resistance was characterized
current–voltage~I –V! measurements based on the circu
transmission line model~CTLM!.53,54 For the CTLM mea-
surement, the total resistance,Rt , between two contacts
separated by a circular gap is given by Eq.~1!

Rt5
Rsh

2p
3F lnS R

r D1LtS 1

R
1

1

r D G , ~1!

whereRsh denotes the sheet resistance ofp-GaN, R and r
represent the radius of the outer and inner circular cont
respectively, andLt is the transfer length. The total resis
tance was measured for various spacings and plotted as f
tion of ln(R/r). The least squares curve fitting method w
used to obtain a straight line plot ofRt vs ln(R/r) data. The
slope leads toRsh, and the intercept at ln(R/r)50 is Rsh

•Lt /rp, giving Lt . Thus, the specific contact resistance,rc ,
can be obtained by Eq.~2!

Lt5A rc

Rsh
. ~2!

The CTLM pattern was designed with a constant inner rad
r 5150mm and spacings of 14, 17, 20, 26, 32, 40, 50, and
mm. The CTLM pattern was transferred to metal films by t
conventional thin film deposition and photolithographic lif
off processes. Prior to metal deposition the samples w
etched with HCl:H2O51:1 for 1 min to remove native ox
ides. The Ni and Au films were deposited consecutively
ing an electron beam evaporation system with a base p
sure lower than 331026 Torr. The metallized samples wer
heat treated in a hot wall furnace with a flow of air or oxyg
for 10 min. The phase formation during heat treatment w
analyzed by conducting XRD. Microstructure and crys
structure were analyzed in detail with a high resolution fie
emission gun transmission electron microscope~TEM!. The
tripod polishing method was used to prepare cross-secti
TEM samples. Finally, the TEM samples were mounted
Cu grids and then ion milled.

III. RESULTS

I –V measurements on CTLM patterned samples
vealed that all theI –V curves of as-deposited Ni/Au con
tacts top-GaN exhibited nonlinear characteristics, indicati
a Schottky-type barrier between contact andp-GaN. The
rectified behavior did not change by using postdeposit
heat treatment in nitrogen or forming gas. However, theI –V
curves became linear indicating the formation of an ohm
interface after heat treating in air or pure oxygen ambien
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the temperature range of about 300–600 °C. Figure 1
plays the results ofI –V measurement for the samples wi
Ni ~5 nm!/Au ~5 nm! contacts heat treated in air. There we
no obvious differences inRt for the samples heat treated
the same temperatures in either an air or oxygen atmosph
To determinerc , data onRt obtained from Fig. 1 were plot
ted as a linear function of ln(R/r) in Fig. 2. The slopes pro
duced closely resembled each other. The difference in
Rsh values obtained from CTLM measurements and th

FIG. 1. CTLM I –V measurement of Ni~5 nm!/Au ~5 nm! contacts to
p-GaN heat treated at 500 °C for 10 min in air. The spacing is 14mm. The
inset at lower right indicates the pattern of CTLM measurement.

FIG. 2. The dependence ofRt on ln(R/r) for the oxidized Ni~5 nm!/Au ~5
nm! contacts top-GaN.
Downloaded 08 Apr 2004 to 128.200.94.51. Redistribution subject to AIP
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from Hall measurements was less than 8.7%. Hence, we
lieve thatrc obtained from our CTLM analysis appears to
reliable.

The I –V curves of the samples heat treated in air
temperatures below approximately 350 °C showed a non
ear behavior which was similar to those heat treated in ni
gen. In addition, therc of many samples could not be ob
tained becauseRt did not exhibit a linear function with
respect to ln(R/r). This phenomenon could result from in
complete and/or inhomogeneous oxidation of Ni. Certain
XRD analysis indicated that large amounts of Ni still exist
in the contact layers. Under such condition,rc was deter-
mined to be in the range of 1021– 1022 V cm2 whenRt was
defined at 0.5 V forward bias that current flows into t
center circular contacts.

Figure 3 displays the variation ofrc as a function of heat
treatment temperature in air for Ni/Au contacts with vario
combinations of Ni/Au thickness. This figure does not co
tain those contacts with asymmetricI –V curves. The slopes
of the curves reveal thatrc heavily depended on both hea
treatment temperature and Ni/Au film thickness. In gene
rc initially decreased with increasing heat treatment te
perature, and subsequently increased. A minimumrc54
31026 V cm2 was obtained for the Ni~5 nm!/Au ~5 nm!
contact heat treated at 500 °C. Another contact Ni~20
nm!/Au ~20 nm!, also heat treated at 500 °C, also exhibit
low rc5831026 V cm2, as shown in Fig. 3~b!. Apparently,
low-resistance ohmic contact could be achieved when the
and Au layers were of equal thickness and heat treate
500 °C. XRD analysis on these two samples indicated t
the Ni constituent of the Ni/Au films transformed complete
into NiO after the heat treatment, while the Au remained
the metallic phase. Our recent cross-sectional TEM obse
tion found that the as-deposited metallic Ni/Au films we
reconstructed as a film comprising of a mixture of crystalli
NiO, Au, and amorphous Ni–Ga–O phases after being h
treated at 500 °C.52 A few small voids adjacent to GaN wer
also found. The as-deposited Au film became discontinu
islands on the top ofp-GaN. The NiO formed a continuou
film in the outer region which covered the Au islands a
amorphous Ni–Ga–O phase. Observation revealed a l
percentage of GaN surface area was still in direct con
with NiO. The transformation brought about a speci
relationship of crystal orientation between the crystalli
NiO, Au islands, and p-GaN. This relationship is
NiO~111!//Au~111̄)//GaN~0002! and NiO@11̄0#//Au@11̄0#

//GaN@112̄0#,52 as shown in Fig. 4. The NiO and Au wer
epitaxially formed onp-GaN with sharp interfaces. This pro
cess formed ap-p isotype heterojunction of GaN and NiO
The reduction of specific contact resistance could be rela
to the formation of NiO because Au alone could not for
low-resistance ohmic contact top-GaN,30,31 and the amor-
phous Ga–Ni–O phase was considered to be insulating
rently. Therefore, the minimum value ofrc at 500 °C shown
in Figs. 3~a! and 3~b! could be due to the optimal phas
distribution among NiO and Au. For temperatures belo
400 °C, the TEM observation showed the percentage of N
was not optimized. On the other hand, there was an incre
of rc when the temperature was higher than about 600
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



y
s

in
se

-
s

ts

the

be
d Ni
e-
he
d
on-

e-

igh
m
n-
ller

real
ured

on-

in
re 5
he
ty
and

d

300
ted
-

ole

ing
le
ut

film

uc-
at
ath
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due to the fact that oxidized Ni/Au film contained man
larger voids and much more amorphous Ni–Ga–O pha
The voids between NiO andp-GaN grew with increasing
temperature, separating NiO fromp-GaN. This leaves al-
most only the Au islands in contact withp-GaN. These re-
sults hint that the formation of NiO is the reason for obta
ing low rc to p-GaN and the amorphous Ni–Ga–O pha
may have a detrimental effect.

IV. DISCUSSION

To understand the mechanism for forming low
resistance ohmic contacts, a single Ni film with a thickne
of 20 nm was deposited and heat treated in air. The resul
rc versus temperature are shown in Fig. 3~b!. The oxidized

FIG. 3. The effect of heat treatment temperature as well as Ni/Au
thickness on specific contact resistance of Ni/Au contacts top-GaN heat
treated in air.~a! The thickness of Au layer is kept at 5 nm, and~b! the
thickness of Ni layer is kept at 20 nm.
Downloaded 08 Apr 2004 to 128.200.94.51. Redistribution subject to AIP
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Ni contacts displayed ohmic characteristics, revealed in
I –V measurements, although the value ofrc was high~about
1021 V cm2!. The resistivity of oxidized Ni films was too
high to be measured by the conventional four-pointpro
analysis. Once an Au layer was added to the as-deposite
films, the oxidized Ni/Au films became conductive. We b
lieve that the Au layer forms islands which disperse in t
NiO matrix to enhance the conductivity of oxidize
films.51,52The presence of Au itself does not necessarily c
tribute to the reduction ofrc for the oxidized Ni/Au ohmic
contact.30,31 Thus the lowering of interface resistance b
tween the oxidized Ni/Au contact andp-GaN can be attrib-
uted to the formation of NiO. The highrc for the oxidized Ni
contact, compared to those with Au, are due to the h
resistivity of the NiO which prevents the current fro
spreading uniformly over the CTLM contact. The actual co
tact area for current flow across the interface is much sma
than the nominal circular contact area. Therefore, the
interface impedance could be much lower than the meas
value.

The above discussion indicates that the effective c
figuration of oxidized Ni contact top-GaN may be regarded
as a Au/p-NiO/p-GaN junction since the probes used
I –V measurement are gold plated tungsten needles. Figu
displays the equilibrium energy band diagram of t
Au/p-NiO/p-GaN junction based on the electron affini
rule.55 The parameters adopted to construct this energy b
diagram, such as energy band gap (Eg), electron affinity~x!,
and dielectric constant~«!, etc. are listed in Table I which is
explained below. The carrier concentration ofp-GaN was
measured as 231017cm3 by Hall effect measurement. Base
on the results of Nakayamaet al.,56 the Fermi level is thus
located at 0.13 eV above the top of the valence band at
K. For NiO, the carrier concentration at 500 °C is estima
to be 131016cm23, a figure extrapolated from the high tem
perature data measured by Peterson and Wiley.57 The tem-
perature of 500 °C was chosen for the calculation of h
concentration of NiO because the minimumrc is obtained by
heat treating at this temperature and then rapidly quench
down to room temperature. Also, the diffusion is negligib
at such a temperature.57 The Fermi level is assessed as abo

FIG. 4. High resolution TEM image showing the cross-sectional microstr
ture of oxidized Ni/Au contact top-GaN. The sample was heat treated
500 °C in air for 10 min. The arrow indicates a possible low impedance p
for current flow.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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0.5 eV above the top of the valence band for undop
NiO.58,59 From these parameters, the conduction band
valence band offsets,DEc andDEv , can be determined to b
2.7 and 2.1 eV, respectively. The total built-in potential (Vbi)
across thep-NiO/p-GaN isotype heterojunction is assum
to be equal to the work function difference between
p-GaN andp-NiO before any junction is formed. Figur

FIG. 5. Estimated equilibrium energy band diagram of~a! bulk Au, p-NiO,
and p-GaN, ~b! Au/thick p-NiO/p-GaN heterostructure, and~c! Au/thin
p-NiO/p-GaN heterostructure.

TABLE I. Properties ofp-GaN andp-NiO at room temperature.

Semi-
conductor

Eg

~eV!
x

~eV!
Ef2Ev

~eV!
@p#

~cm23!
«

p-GaN 3.4a 4.1b 0.13 231017 10.4c

p-NiO 4.0d 1.4e 0.5f 131016 11.9g

aReference 61.
bReferences 62 and 63.
cReference 64.
dReference 58.
eReferences 65 and 66.
fReferences 58 and 59.
gReference 67.
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5~a! displays thatVbi52.47 V which is equal to the sum o
the partial built-in potentials inp-GaN andp-NiO, respec-
tively, as indicated in Eq.~3!

Vbi5Vbi
GaN1Vbi

NiO , ~3!

whereVbi
GaN and Vbi

NiO are the potentials induced at equilib
rium in p-GaN andp-NiO, respectively. Following Cser
veny’s concept,60 the relationship betweenVbi

GaN andVbi
NiO is

derived as

expS 2qVbi
NiO

kT D 1
qVbi

NiO

kT
21

expS qVbi
GaN

kT D 2
qVbi

GaN

kT
21

5
@p#GaN

•«GaN

@p#NiO
•«NiO , ~4!

where @p# is the hole concentration,k the Boltzmann con-
stant,q the electronic charge, andT absolute temperature
Here, the hole concentration is used to replace the dop
concentration.Vbi

GaN andVbi
NiO can be obtained by combinin

Eqs. ~3! and ~4! and applying the data shown in Table
Calculation shows them to be equal to 0.055 and 2.415
respectively. Besides, the transition width (DX) in p-NiO
andp-GaN is derived as Eq.~5!

DX5A2«•Vbi

q•@p#
. ~5!

The above results ofp-GaN/p-NiO isotype heterojunction
are summarized in Table II. For the interface between
and p-NiO, an ideal ohmic contact is formed because t
work function of Au(FAu55.10 eV! is larger than that of
p-NiO ~4.9 eV!, as shown in Fig. 5~a!. For a thickp-NiO
connected top-GaN, the situation resembles that of Fi
5~b!. The p-NiO and p-GaN surface bands bend upwar
and downwards, respectively, at thep-GaN/p-NiO interface.
A deep notch for holes inp-NiO exists close top-GaN
where great amounts of holes are trapped because the to
the valence band is positioned above the Fermi level. Un
forward bias condition, with a current injection intop-GaN
from Au as defined herein, holes flowing fromp-NiO toward
p-GaN encounter a barrier atp-GaN surface resulting from
the built-in potential inp-GaN. The barrier height is equal t
(Ef

GaN2Ev
GaN)1qVbi

GaN50.185 eV. The impedance at this in
terface could be very small because the barrier height is r
tively low. The p-NiO/p-GaN interface impedance wil
abruptly decrease when the applied forward voltage reac
a level where the valence band bottom is higher than
Fermi level ofp-NiO at the interface. By further increasin
the bias, holes can inject intop-GaN from the notch in
p-NiO freely. Meanwhile, a large portion of applied voltag
is also consumed in thep-NiO to develop an electrical field
there because of its high resistivity. The impedance increa

TABLE II. Properties of thep-GaN/p-NiO isotype heterojunction based o
the electron affinity rule.

DEc

~eV!
DEv

~eV!
Vbi

~V!
Vbi

NiO

~V!
Vbi

GaN

~V!
DXNiO

~nm!
DXGaN

~nm!

2.7 2.1 2.47 2.415 0.055 571 38
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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with increasing reverse bias because of the barrier and
resistive NiO layer. Consequently, theI –V curves are not
considered to be symmetric with respect to applied bias
addition, the total contact resistance could be unable to re
a very low value when the thickness of thep-NiO layer is
greater thanDXNiO.

In our experiments, the oxidized Ni contact is about
nm, i.e., markedly smaller than the calculated value
DXNiO5571 nm. The electrical property is completely d
ferent from that predicted in Fig. 5~b!. The energy band dia
gram is shown in Fig. 5~c!. Again, there is a hole notch at th
heterojunction because of the large band offset betw
p-NiO andp-GaN. An additional small barrier exists at th
Au/p-NiO interface except that one atp-NiO/p-GaN inter-
face as described previously. The barrier height is 0.3
resulting from the band discontinuity at the Au/p-NiO inter-
face. Although the band diagram is more complicated
cause the interaction between Au andp-GaN cannot be ne
glected, similar qualitative trends are still valid. Wi
forward bias, holes can easily overcome the barriers
thermionic-field emission to inject intop-GaN from p-NiO
When the bias becomes negative, electrons can tu
through the Au/p-NiO interface barrier and inject into th
notch to recombine with holes. The contact resistance co
be quite low because the notch provides a recombina
center for carriers. This is the reason that theI –V curve is
linear for the oxidized Ni contact.

As the above discussion shows, the lowestrc was ob-
tained at 500 °C for the oxidized Ni/Au contact. At this tem
perature, Au, NiO, and the amorphous Ni–Ga–O phase
present. The contact angle of Au islands top-GaN is about
120°–140°, developing an Au island undercut edge pro
NiO frequently occupies the undercut space, as shown in
4. The Au/thin p-NiO/p-GaN model is valid under suc
condition. The arrow in Fig. 4 indicates an Au/p-NiO/
p-GaN region with an ultrathinp-NiO layer. In addition, the
Au islands are uniformly distributed in the contact, grea
enhancing its conductivity. Combining these effects p
duces low-resistance ohmic contacts.

V. SUMMARY

This study has developed an ohmic contact top-GaN
with specific contact resistance as low as 431026 V cm2 by
the oxidation of Ni~5 nm!/Au ~5 nm! bilayer film in air or
oxygen at 500 °C. The oxidized Ni/Au contact comprises A
NiO, and amorphous Ni–Ga–O phases. The NiO and
epitaxially build onp-GaN with sharp interfaces. Finally, w
proposed a model based on Au/p-NiO/p-GaN heterostruc-
ture to explain the low-resistance ohmic behavior.
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