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\egative Differential Resistance in Reverse-Biased

Metal-Semiconductor Systems
by
C. Y. Chang¥ C. H. Huang**and S. M. Sze * **

ct-The effect of mtervalley carrier transport on the cur-
yoltage characterlstlch of Au-n-type GaAs metal-semicon-
barriers has been istudied theoretically based on the
wmionic emission-diffusion theory and the quantum emissiin -
sion theory incorporating the Ridley-Watkins - Hilsum mech-
& negative differential resistance region is found to exist under
perse-biased condltlon over wide range of temperature and for
ings below 1014 cm™3. For higher dopings the carrier trans-
is dominated by fleld emission as predicted by the quantum
s=ission-diffusion theory, For a Schottky-type Au-GaAs diode
Fith 2 doping of 1014 cm=3, operated at 373°K, a differential con-
lectance of -1. 5!1V/cm2 is obtained at a reverse bias of 0,2 V;
3 for a Mott-type diode with the same doping and an epitaxial
thlckness of 2.4 um, a conductance of ~ 2PV/cm2 is obtained
0.3V,

The average diffusion constant for two-valley system is de-
lind The result shows considerable departure from the Einstein
iation. A discussion is presented concerning the realization of
tmetal semiconductor system.

I. Introduction
When a metal-semiconductor barrier is formed on atwo-valley

* Now with College of EngineeringNational Chiao-Tung University, Hsin hu,Taiwan,Republic of China
® % “omerly a graduate student of National Chiao-Tung University.
* = = Now with Bell Labs,Murray HillNew™ Jersey 07974, US.A.




L CHANG-HUANG-SZE

semiconductor such as n-type GaAs,the classical transport analy-
sis of metal-semiconductor systems should be modified to incor-
perate the Ridley-Watkins-Hilsum (RWH) mechanism (1-3) i.e, the
field enchanced redistribution of carriers between the valleys.

In the following analysis, we shall be mainly concerned with
n-type GaAs, since it is the most extensively studied two - valley
semiconductor. It is well known that in the GaAs band structur
there is a high mobility valley (with mobility of about 4000 ¢t
8000 cm?2/V-sec) located at the Brillouin zone center, and a low
mobility satellite valley (with mobility of ' about 100 cm2/V-sec
along the <1007 -axis, about 0.36 eV higher in energy. The effecti
mass of electrons are 0.068 m. and 1.2 m. in the lower amn
higher valley respectively; thus the density of states of the uppe:
valley is about 70 times that of the lower valley. When an electr
field is applied, the carriers will transport from the higher
mobility low-energy valley to the low-mobility high-energy valle
giving rise to a reduction of average mobility with field,

When a reverse bias is applied to the above metal - semicon
ductor system, the field distribution will change with the appli
voltage. This will modify the average mobility and diffusionco
stant. Increasing of the reverse bias maydecrease the diffusios
constant which in turn may decrease the current density. There-
fore a negative differential resistance is expected in certain fie
range,

The current=voltage characteristics will be derived in Secll
for the two valley sytsem based on the thermionic emisgion - dif-
fusion theory(4)in which the carriers emitted across the barrier
maXimum are considered. In Sec. III the I-V characteristics are
derived based on the quantum emission~difussion theory (5] in
which both the thermionic and  tunneling components are consider
ed. A discussion is presented in Sec. IV.

2. Thermionic Emission-Diffusion (TED) Theory

The energy band diagrams of two representative meial-Semi
conductor barriers under reverse-biased condition are shownin
Fig. 1. The only difference between these two barriers is the
thickness of the uniformly doped surface layer (or epitaxiallayer
L) in comparision with the width of the depletion layer W. &
L>W, we have the Schottky-type barrier®; and if L<W, we have the
Mott-type barrier. 7.

Consider first the Schottky-tyep barrier as shown in Fig. 1 (ak
The potential profile - qXx) is determimed by the electric field

associated with the ionized donors and the attractive image force
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ienced by an electron when it approaches the metal. The
ing of the barrier height is g2, and the potential maximum
at xm. The imref -qo, (x) is associated with the current
ity.

The basic equations for the Schottky barrier are given as:

W=V2¢,(Voy-V-kT/q)/aNo - (1)
E(x)=qNo(x-W)/ ¢, (2)
@ (x ) =qNp (W - %x* Y/ea - (3)
B.=E (at x=0)=V/2qNo (Vs -V-kT/q) /e, (4)

W is the width of depletion layer,e g the permittivity, Vpi
built-in potential, Np the ionized donor concentration, x the
ce méasured from the metal semiconductor interface,gy the
prrier height, and other symbols have their usual meanings.

The electron current density along the x-direction.is given by

dv d
Jama{n GO 522 4L Dn(x)) (5)

i n(x)is the total electron density, u the average glectron
bility, and D the average diffusion constant of electrons.

In the above expression, the first term is the drift component

while the second term is the diffusion component. According to

Kroemer's model (8) the average mobility for GaAs can be ex-

pressed as
u=u, (1+BF*)/(1+F*) (6)

where for high=purity n-type GaAs at 300°K, the parameters in Eq,
8) are given as follows: g1 (the low-valley mobility) =8000cm?2/V-
sec. F = E/(4 x 103) with the electric field E in units of V/cm,
K =4, and B = 0.05.

The electron concentration as a function of distance can be
essed by a Maxwell-Boltzmann distribution:

n(x)=N,exp{-q(¥(x)-0.(x))/kT} )

where N jg the density of states in the lower conduction band, and
¥ 2nd P, are the potential and the imref respectively. At zero bias

- 0 and dfa(x) _,
dx

k.
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we obtain - e
dD D dv(x) G d¥v(x )
dx qkT dx dx
f;"om Poisson's equation
2
g d¥(x)
o

we obtain

D=D,e " + 2KT

re"f];: uEe "dE

E2
where
kT , : :
D, =—q—u1 = diffusion constant in lower valley
= ¢,E?/(2qNokT)

The variation of D at 300°K with electric field E is plotted in Fi
2. Also shown is the Einstein relation (dotted line). We note - t
for dopings lower than 1015 ¢m-3, D follows the Einstein relati
at lower fields. As doping or field increases, considerable devi
tion from the Einstein relation occurs. It can be shown from :
10 that when the temperature is increased, D for a given dopir
will shift toward higher field. Over a limited field range, howeves
D can be approximated by

=%Iu1(1+BF“)/(1+F“), (10

When a reverse bias -V is applied to the metal-semiconduct
system, a current flows, Based on the thermionic emission-diff
sion (TED) theory (4], the current density can be given as

d¢n(x)
dx

For the region 0<x<xy,, we assume that it acts as a sink for elec-
trons. We can then describe the current flow in terms of an
effective recombination velocity vg at xm.

Ja=q(ng-n,)Vy

Jn='qunn (1

(1
where B is the electron density at Xm When the current is flowing
and is given by

Ny =N, exp[--lgf Do (Xm ) +Ps) (1
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B 1, is a quasi-equilibrium electron density at xp, as given by
% . (14)

kT

ghere q¢ (xm) is the imref at x;,. Substitution of Eq. 6 into Eq.
EE e].}_mlnatlon of n from Egs. 7 and 11 and making use of the
wundary conditions of Egqs, 13 , 14 and

¢n(W)=‘V
meld the following expression(4)
i chVR ¢B q_V_ =
Jo= Tovarve S¥P (g ) lexp(i )= 1) (15)
vo={JS ni exp[- (¢B+\P)]dx}'
D (16)

IIl

= an effective diffusion velocity associated with the transport of -
: ons from x=W to x=xy; and D is given by Eq. 10a.Figure3
F some theoretical results for Schottky - type Au-GaAs bar-

with barrier height 0.83 eV and a doping of 1014 cm=3. The
sotted lines are from the TED theory. The sclid lines are from
e guantum emission-diffusion theory to be considered in the
wxt section. We note that for a given temperature there exists a
region in which the differential resistance is negative, e, the
surrent decreases as the voltage increases, We also. note the
strong dependence of the current density on temperature.

We next consider the Mott-type barrier as shown in Fig. 1b.
The derivation is basically identical except that the boundary con-
gition at x=W is replaced byg ,(L)=-V. We thus obtain identical
sspression as Eq. 15 for the Mott-type barrier;the diffusion ve-
| vp is also the same as given by Eq. 16 except that the

integration liinit is replaced by L. The computed results
the Mott type are shown in Fig. 4, which is quite similar to
2t of Fig, 3. However,at a given temperature and a given bias,
#= reverse currént density for the Mott type is larger by about
20% than that of the Schottky type. '
3. Quantum Enission-Diffusion (QED) Theory
According to the quantum emission theory® the current trans-

port equation is given by
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an=Jsu"Jus (17

where Jgy is the current density flowing from the semiconducto
to the metal

AT V, -20

I, FsT(n) (1-F.)dy

*
+

conductor

- AT - i : =
Jus=—— f:‘” MFmT(n)(l-Fs)d’?+§—TeXP( S =) exp (-5

k

A* is the effective Richardson constant and Fs and F,_, are
Fermi-Dirac distribution functions in the semiconductor and in th
metal respectively. T(Z) and T() are the transmission functi
below and above the barrier maximum respectively,

In the TED theory, the contribution of the field emission h
been ignored. However in GaAs, the field emission term is mu
more important than that of Si because of the Smaller effecti
mass in GaAs, From the QED theory for one-valley system [5)
the contribution of the tunneling component at 300°K becomes sig-
nificant at a doping of 1019 cm=3, at higher dopings and lowe
temperatures, tunneling will become even more important,

In the QED thoery for two-valley system the following assump
tions are made: 1. there is no interaction between the quantu
emission and the diffusion mechanism, 2. the total current is de
termined by the combined conductance of two series conductance
resulting from the above two mechanisms, and 3. the diffusion
mechanism occurs. only within the range from the emitted band
edge to the barrier minimum. According to the assumptions 1
and 2 , we obtain for the total current density:

I JQEJD

iy Joet+]p (20)

where JQE is the quantum emission current and Jp is the diffusionl

current. The diffusion velocity is given by Eq. 16 in which the
diffusion constant is given by Eq. 10 and the lower limit of in=-

tegration in Eq, 16 is replaced by xg which is the position at

l
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the maximum amount of carrier transport occurs (9 ] :

1
= - ) 5 L o S
Xg =W (1 - cosh (RKT)] (21)

R=vV4m*e, /1Ny

Since the ratio of J and Jp can be approximated by the ratio
#he recombination vt%gcity and diffusion velocity (4], we obtain
Eq. 20

J=Joe/(1+Vg/Vp) s

8 thus obvious that when xgp equals zero, the result will auto-
y reduce to that of the TED theory (4], However, when
ing becomes more important, x'E will occur at a lower band
When T/Np tends to zero (i.e. tunneling dominates) xp ap-
hes W and thus the diffusion mechanism becomes less im-
t, .
The theoretical results based on the QED theory are also
in Fig. 3 and 4 (solid lines) for Schottky-typeand Mott-type
ers respectively. We note that at small reverse voltages,
results are identical to that obtained from the TED theory.
&% larger voltages, however, the current will increase because of
field-emission processes. Figure 3(b) shows the doping effect on
#e reverse I-V characteristics. It shows that as the doping de-
greases, the neagtive differential resistance region occurs at
h’ﬁger reverse voltages (e.g.> 3 V at 1013 cm=3, and =30 V at
1012 cm~3),
4. Discussion

The current-voltage characteristics of metal - semiconductor
systems formed on two-valley semiconductors have been consi-
@ered theoretically. Both the TED theory and QED theory predict

existance of negative differential resistance over certain field
range. The QED theory is believed to be more accurate since it
$=kes into account the thermionic and tunneling current com-=-

ponents.
In quantum emission-diffusion theory, the negative differential

eonductance will occur only for samples with doping concentration
esualoo less than 1014 ¢cm~3, The maximum differential nega-
%ive conduc tance occurs at about 0,1 V and reaches a minimum at
8.2 V. For lower dopings the position of the maximum differential .

.
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conductance shifts toward higher voltages, while for higher de-
pings it shifts toward lower voltages. At even higher dopings, the
negative conductance will not exist due to tunneling which smear
out the intervalley transport effect. The tunneling mechanism
will also play an important role at large reverse biases at whick
the current will start to increase rapidly,

In Fig, 3 and 4, as the temperature decreases, the statistica
protability decreases (e.g. Boltzmann distribution function), bot
the free carrier concentration and the diffusion constant als
decrease, Thus the tota] current density decreases as can
seen in the figures,

The bias effect of I-V characteristics is mainly due to b
field dependance of electron mobility and the uias dependance |
electron concentration. As the reverse bias increases from zery
the current due to majority carrier injection dominates over
decrease of the field-enhanced diffusion velocity. As the bias
further increased, the field-enhanced diffusion velocity become
more effective, thus a negative differential resistance is obsery:
ed. In Mott-type barrier, one can choose a suitable Np and
such that the electric field can be confined within the range 3x10%
Viem tos 2x 104 V/em -in order to make the reduction of the
diffusion velocity more effective. However, in Schottky~-type ba
rier, this condition can not be fullfilled because it ‘always con-
tains the ineffective field region from zero to 3 x 103 V/cm. This
can well explain the larger negative differential conductance ob-
served in Mott-type barrier.

In order to realize the metal-semiconductor System witk
negative differential resgistance, it is necessary to improve the
material technology of two-valley sem iconductors, so that dislo-
cation density and defect centers can be reduced; and doping
uniformity across the sample can be maintained, It is also neces-
sary to eleminate the edge effect (e.g. by the use of a diffused
guard-ring structure (10) so that the leakage current can be
minimized.
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Fig, 3. Reverse I-V Characteristics of Schottky-type Au-GaAs barrier
(a) N=1014 ¢m-3
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Fig. 3. Reverse I-V characteristics of Schottky-type Au-GaAs barrier.
(b) N=1012, 1013 cm~3
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Fig. 4. Reverse I-V characteristics of Mott-type Au-GaAs barrier,
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Fig. 5. Negative differential conductance versus voltage for
Au-GaAs metal-semiconductor barriers.
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