SOLID STATE PHYSICS
EXPERIMENT

' H. Contact Effects

Two substances are in electrical contact if charge carriers can pass through
the interface of them. Contacts are: )

1. Boundary surfaces in a crystal; for example, two-dimensional defects,
grain boundaries (cf. p. 111), sudden transitions between different dopings
in one and the same semiconductor (“homo-junctions™ such as pn junc-
tions, cf. pp. 334 ff.). :

2. Interfaces between two or several substances; for example, belween metal
and vacuum, metal and semiconductor, or different semiconductors
(“hetero-junctions™), between metal, insulator, ‘and semiconductor
(“MOS” junctions - metal, oxide, semiconductor).

The action of most electronic circuit and control elements is based on charge
transport through contacts. This transport depends on the behaviour of the
carrier potential energy which, in the neighbourhood of the contact, is posi-
tion-dependent. One often speaks of the potential curve; the potential energy
of electrons or holes is obtained from it by multiplication by —e¢ or +e. The
basis for the explanation of a contact phenomenon is givenby the band scheme
in the environment of the boundary surface in the case of thermodynamic
equilibrium. The potential curve will then depend only on the carrier concen-
trations on either side of the interface and the work functions (see below) of
the substances in contact. ’

I. Thermodynamic Equilibrium

\

Thermodynamic equilibrium occurs in a crystal or between several crystals
1,2, ... if the Fermi energy in the system considered has everywhere the same
~ value, so that { in the band scheme is horizontal:

& ‘—7 {a= ... = const. (H. 1)

All {3, {s, . . . must be reckoned from the same zero of the energy scale:. Condi-
tion (H. 1) means, for instance, that in a crystal the net current of charge car-
riers of a given energy must be zero in all directions. This is possible only if
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all states of the same energy have the same occupation probabilities f(E), since
otherwise there would exist a net particle flux in the direction of higher occu-
pation probability. ‘ - o
Condition (H. 1) follows in general from thermodynamic con.s1deratxons.4
consider two systems of particles (¢.g. electrons) which are brought into conta?t
at a temperature T. Before contact the constant volumina V1 and ¥V, contain
N1 and N particles, respectively. After establishmefmt of the contac?, the par-
ticle numbers in both volumina have changed until thermodynz'u?nc ethl?-
rium between the two volumina has been established. The cc_)m.ilflon for this
process is that the free energy F of the whole system reaches a minimum value.

From

F = F1+F, (H.2)
d
" OF)r,v,n, =0 (H.3)
we obtain oF oF ' : 4v
= (21 aN-+( 2) Nz = 0. (H. 4)
o ( oNy )T, ¥ ' N, T, Vs :
With the additional condition of a constant total number of particles
Ni+No = N = const. (H. S)Y
find ‘

e 6N+ 06N2 = 0. . (H. 6)

Using this we obtain from (H. 4)

oF, - (61’2) ) . (H.7)
(aNl)r,V{ ONz |1, v, . -

it can be confirmed from the derivation of the Fermi-Dirac'functlon /_(112)
that the chemical potential (i.e. the variation of the free energy with the partic e
number at constant temperature and constant volume) is equal to the Fermi

ergy &: |
- (,?{1) =7 (H.8)
oN .
Therefore eqn. (H.7) can be written in the form
f1=2Cs. (H.9)

. v : . . . . d
In this way we have shown that the Fermi energy 15 horizontal also in the ban

scheme of a contact in thermal equilibriwmn.
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H. CONTACT EFFECTS

foe Fermi ener'gy is determined with respect to the energy bands by the
carrier concentration on the one hand (cf. p. 298) and, on the other hand

as the encrgy difference between the Fermi level ¢ and the potential energ)f
E_ of an electron in vacuo at an infinite distance from the'cr'ystal {vacuum
potential). This definition of the work function applies also to semiconductors
whose Fermi level is generally unoccupied, since, for the high energies neces-
sary for emission, the electron distribution function can be replaced by a Max-
well-Boltzmann distribution. The electron gas then behaves like a Maxwell gas
of concentration n, [cf, eqn. (G. 19)] and potential energy .

1. VOLTA POTENTIAL
. \

Considéring the band model of a contact, we choose the vacuum potential
or an energy fixed to it-as the zero of the energy scale. When two crystals with
q:ﬂ’erent work 'functions-come into contact, the Fermi levels must get estab-
lished at the same position. The carrier concentrations in the interior of vthc
crystals are not influenced by the contact, that is, the position of the Fermi
levels. relative to the energy bands remains unchanged. The adjusling of the
Fermi levels to the same height is thus only possible if the band schemes of the
materials in contact are shifted with respect to one another. This. means that

£ Metal Mefal 2
before aner : after before
making contact '
Eer————
W
: l
7
N
e/

FiG. 149, Band scheme of a metal-metal contact.
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in thermodynamic equilibrium a potential difference will arise between the -
contacting materials, whose value is equal to the difference of the work func-
tions (cf. Fig. 149). The potential difference V. is called the contact potential
or Volta potential:

Vel = —i—IWl—Wz]. (H. 10)

The contact potential causes an electric field whose spatial distribution depends
on the carrier concentrations of the materials in contact. .

In the following we shall describe the formation and the measurement of a
contact potential through the example of a metal-metal contact (cf. Fig. 149).
The contact is assumed to be made between the two metals 1 and 2, with the
electron concentrations ; and n, and the work functions W, and Ws. The zero
of the energy scale lies below the vacuum potential by an amount of

Li+ Wy = Lit W, (H. 11)

where ;, {, are the Fermi energies of the metals 1 and 2 before the contact
has been made.

By analogy to (E. 24) we can neglect the temperature dependence of the Fermi
energy and give the electron concentrations as
32

1
M=y [i—’"— - El )] . @
3/2
=g | G-Ew) (H. 13)

E, and E, are the energies of the bottoms of the conduction bands befoge
contact (on p. 162 this energy was taken as the zero of the energy scale). )
We assume both metals to be at the same temperature T and Wy < Wa.
When these two metals are brought from infinity to a small mutual distance,
an exchange of electrons will set in because of the thermionic emission which .
always exists at T > 0°K; since Wy < Wy, at first more electrons pass over
from metal 1 to metal 2. This results in an excess of negative carriers on metal
2, an electric field is built up and a potential difference arises between the two
metals. This potential difference is established at such a value that the net
current between the metals is vanishing; in thermodynamic equilibrium it

* reaches the value V¥, of the contact potential. -Since no potential differences

may exist in a metal, the energies of all electrons of the metals 1 and 2 are re-
duced by {;—{, and increased by {,—{;, respectively, and we have

Gi~tittali=eVe; (H. 14)
31
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{1 and {, are the Fermi energies of the metals 1 and 2 after the contact has been

made. From this we obtain from (H. D and (H. 11)

U~8o=WoeeW, = ev.. (H. 15)

(e:g. & =¢p) so that the scheme of the other is shi
er 1s shifted by the full
of the contact potential (e.g, L8y = eV)). e T amount

t T?xe carrier exchange between the two metals which causes the contact po-
er{txgl nvolves so few particles that the concentrations n, and 1 are almost
uniniluenced by the contact. Thus we can write in a good approximation, accord-

and {i~E4 =t —E, (H. 16)

{2~Ep = l3—E.,. (H.17)
Taking (H. 1) into account and subtracting the above two equations, we obtain
Ea—Eey = Ci-E4)~(i~EL) = Si—l—~(Bl —Ely) (H 18)

or, with (H. 15),
¥ = Ea—Fuy = eV —(EL ~ El), (H. 19)

The quantity Vg is called the Galvani voltage. It corresponds to the energy

difference between the bottoms of the conduction bands of the contact materj- -

f:lls. The Galvani V(?ltage is identical with the contact potential difference only
if tITe electron affinities of the two metals are equal; then E;, = E/,. The Gal-
vant voltage cannot be measured immediately; it can be determined—from ecjns.

(H. 12), (H. 13), and (H. 18),

In contrast to this, the contact potential can be determined directly,

2. THE KELVIN METHOD FOR THE MEASUREMENT
OF THE CONTACT POTENTIAL DIFFERENCE

In p'ru?ci.ple it should be possible to ‘measuré electrostatically the contact
potential dlﬂ‘efence between the two metals 1 and 2, if the two poles of
the electrostatic voltmeter consist of the same metals 1 and 2 and each is con-
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nected with the same metal. The establishment of thermodynamic equilib-
rium is then only based on thermionic emission; at temperatures reached in
practice, however, this process takes too long a time. :

One uses rather a retarding field method. The two metals form the plates
of a plate capacitor, which are connected through a galvanometer with a poten-
tiometer (cf. Fig. 150). In this way the thermodynamic equilibrium and thus
the contact potential difference can be established very rapidly and indepen-
dently of the plate separation. As long as the voltage applied is equal to zero,
a change of the plate separation gives rise to a change in charge of the capacitor
and a current may flow. If an external voltage U is applied to the capacitor,

L)

!

F1. 150. Measurement of contact potential differences using the compensation
method by Kelvin. -

which is opposite to the contact potential difference, the charge of thé two
metals is reduced until it vanishes at the particular value U = —~V_. In this
case a change of plate separation with zero charge will not give rise to a cur-
rent flow. In practice the two metals 1 and 2 are used in the form of an oscillat-
ing capacitor and the alternating current is compensated by a variation of the
direct voltage U. The accuracy with which the contact potential difference can
be measured is 4V, ~ 107V,

In the band scheme the measurement of the contact potential means the
following. If W1 < W, in thermodynamic equilibrium the metal 1 is charged
positively relative to the metal 2 (cf. Fig. 149). The potential — ¥, of metal 2
is therefore lower than that of 1, and accordingly the potential energy eV,
of 2 is higher than that of 1 (the band scheme of 1 is assumed to be fixed, _Cf'
p. 312). If by application of the external voltage U the potential of 2 with
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H. CONTACT EFFECTS

respect to 1 is increased, the potential energy of 2 drops by —eU. If U = — ¥

the metals in contact hav
- ¢ the same band s  n
separation. chemes as the metals at infinite

I, Metal-Semiconductor Contacts:

m?olntacts mvol\'/ing semiconductors are in principle different from metal—
; : ad contacts since the semiconductor may have a space charge near the
undary surface. By virtue of the Poisson equation of eléctrostatics

av 1 -
&= ey o(x) (H. 20)

(Z r1s tt};e §tatic dielectric constant of th\é semiconductor and &g is the vacuum
gour::ﬁ ;\Inty)(,j at ljpace charge g(x) means the existence of a position-dependent
and thus a. position-dependent variation i

3 . hu of the potential ener

bael(;(,\) for t.he electron ensemble in the semiconductor, Therefore the energ

> n o.sffxre shifted by — eV (x) in the space charge region (the so-called bend-
g of energy bands, band curvature). In thermodynamic equilibrium the

Fermi energy remains independent of position, according to (H. .

1. CONTACT BETWEEN METALS AND n-TYPE
SEMICONDUCTORS

Let us cons'ider a contac-t between a metal with the work function W, and
an n-type semiconductor with the work function W, (cf. Fig. 151). We as"s:ume

Wy = W, .
and " (H.21)
Wm—W,,<< AE,. . (H 22)

The assumption (H. 22) makes it unnecessary to take into account the presenc
of t.he valence band. We shall also assume the band scheme of the lgzsulate;
semiconductor to be independent of position; the bands are thus horizontal
up to the semiconductor surface, that is, the donor concentration is positi
independent and the surface states (cf. p. 327) are heglected. poston
‘ T?lermodynamic equilibrium is established if electrons pass from the
semiconductor to the metal until the charge Q produced in this way gives ri

to tl.le contact potential difference eV, = W,~W,.The positive chirge of tll:e
semiconductor is constituted by the ionized donors whose electrons repreéen:
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the negative surface charge on the metal. As the distance between metal and
semiconductor is reduced, the charge required by the thermodynamic cqui-
librium becomes higher and higher and cannot be produced any longer by the
donors in the immediate vicinity of the semiconductor surface. For example,
for V, = 107! V and a separation of 1077 ¢m, the necessary charge per unit
area is @ =~ 107 A sec/cm?  10'2 unit charges per cm?. A strongly doped
n-type semiconductor may have a donor concentration of about N, ~ 10
cm™3, that is, in a volume of 1 cm2X107¢ cm at most 102 ionized donors are
available as positive charges. From this typical example it follows that the

1 E(x) .
- Surface charge Space charge

S A,
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V=W W,
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FiG. 151. Band scheme of an n-type semiconductor-metal contact. Band bending
in the spacc charge region.

charge in the semiconductor must be distributed over & depth of at least 107°
em, that is, as to the order of magnitude, over at Jeast 100 interatomic spacings.
As the separation between metal and semiconductor vanishes, the surface
charge of the semiconductor spreads to form a space charge.

The electric field penetrates into the semiconductor. The contact potential
ditference is displaced more and more into the interior of the semiconductor.
The energy bands of ‘the semiconductor become bent according to (H. 29).
By virtue of the continuity condition of the dielectric displacement density
the potential curve has a break at the transition from vacuum (¢ = 1) to t'he
_semiconductor (g > 1): the curved potential begins in the semiconductor with
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H. CONTACT EFFECTS

If the surfaces of metal and semiconductor are in contact, the entire contact
potential difference lies inside the semiconductor. The energy band curvature
due to this fact yields a position-dependent electron concentration n(x) in
the space charge region, in the so-called boundary layer of the semiconductor.
Positive volume charge means that the energies of the states have increased
compared with the Fermi level (“upward” band curvature) and the occupa-
tion probability has decreased. The boundary layer will then have a deficit
of electrons; for this “depletion” layer 1, < n. The opposite case of an “accu-
mulation” layer with H; > n is encountered when a negative space charge raises
the occupation probability of the states jn the boundary layer (“downward”
band curvature). , ' :

While the position-dependent carrier concentration in the boundary layer
is determined by the two contact substances, the carrier concentration in the
inner part of the semiconductor has the position-independent value » <N,
given by the condition of neutrality, '

2. THE SCHOTTKY BOUNDARY. LAYER

In the following we shall calculate the potential curve and the thickness
of the so-called Schottky boundary layer which is characterized by a position-
independent space charge density e (cf. Fig. 152): :

o(x) = eNp = const. (H.23)
The space charge od Per unit area is contained in the boundary layer of

thickness d; the value of d is to be calculated. In this layer all donors are jon-
ized and no conduction electrons are present.

rf (x)

Surface charge Space charge

l‘g, 4

Fio. 152, Schottky layer in an n-type semiconductor,

N

e

N
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The potential curve is obtained from a solution of Poisson’s equation (H. 20)
with the help of (I1. 23): -
| il Lo=_ oy (H.24)

dx® &g e £€o |
Here x is the position coordinate (x=0 denotes the metal—s.emiconduct(ir
interface, x > 0 is the interior of the semiconductor) anfi 4 is a constant.
The solution of (H. 24) is a parabolic potential distribution in the fqrm

Vi) = §x2+13x+c. . - (H.25)
The constants B and C are obtained from the boundary conditions. At x = 0
—eV(0) = Wp—W,, (H. 26)
or
C = %(W,,, —W). (H.27)
=d
Then at x —eV(d) =0 A (H 28)
and .
i = . (H.29)
—— ()= Ad+B =0,
7 @ |
- that is, Bt @
. . p
Substitution of (H. 30) in (H. 25) yields | ,7'
V(x) = —g—(d—x)z, (H. 31)
where e P (H-A32) ‘
T4
or, using (1. 24) and (H. 27), |
eNp 2 (H. 33)
=— —-X
Vo) = - 5.2 (d=2)

and we have for the required thickness of the boundary layer

T 2ee0 ., —-W, ]1'2. (H. 34)
d= [’W(W"' I ‘_
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H. CONTACT EFFECTS

‘The thickness of this layer decreases as the donor
space charge density, increases. Equation (H. 33),

long as the distance 0 between the donors is much
layerd, ie. if '

concentration, that is, the
however, is valid only as
smaller than the boundary

d> 6, ~ Nj1s . (H. 35)

For a metal-germanijum contact, for example, under the assumption W —

w, -; 0.3eV, £Ge = 16 and v, = J01? cm™3, we obtain a value of d 7x 1'6‘8

) cn:s or comggnson, we have to point out that the mean distance of the donors

18 0p~2X%107% cm so that eqn. (H. 35)is barely satisfied. This example shows
that the condition must be checked in every case, :

If. a voltage is applied to the cb_nkact (e.g. by changing the potential of the

semxcor'rductor by + U relative to the metal), the band scheme of the semicon-

ductor is shifted with respect to that of the metal by FeU (cf. Fig. 153). The

Eln)
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//%wa)—ﬂ' |
: X

. Fra. 153. Schottky layer in an n-type semiconductor with applied voltage + U.
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potential curve at the contact behaves as if the work function of the meétal,
W, had been changed by +elU. The thickness of the Schottky layer is thus a
function of the voltage; we have instead of (H. 34)

2¢cep
€2N D

d(+U) =[ (W — W,.ieU)]”z. (H. 36)

" This means that with constant space charge density g the space charge ¢d,

which is equal to the surface charge of the metal, varies with the voltage
applied. . :

Since, according to the assumption (H. 23), the Schottky layer contains
only immobile ionized donors and no conduction electrons, it represents an
insulating layer between the metal (x =< 0) and the semiconductor (x=d).
Electrostatically, the contact between a metal and an n-type semiconductor
behaves like a capacitor whose capacity per unit area is given by

£8&o ’

c=2, (H.37)
or, using eqn. (H. 36), by '
. _ 850€2ND 1/2
, ¢= [Z(AW:l:eU)] . (H. 38)
where »
AW = W= W, . (H. 39)

We see that the capacity of the Schottky boundary layer depends on the
voltage applied. Measurements of the capacitance plotted in the form of 1/C?
versus voltage U yield ‘straight lines and are thus in good agréement with
(H. 38). From the slope of this straight line we can determine the donor con-
centration or the dielectric constant of the semiconductor; the extrapolation
1/C? — 0 yields the value of AW, The values thus obtained for AW, however,

‘are generally not in agreement with the contact potential difference W,,— w,

obtained from other measurements, for instance, from determinations of the
work functions W, and W,. This is due to the existence of surface states (cf.
pp. 327 f.) which also influence the potential curve.

3. CONTACT BETWEEN METALS AND p-TYPE SEMICONDUCTORS

The contact between & metal and a'p-type semiconductor with ¥, < W,
can be treated in the same way as the contact between a metal and an n-type
semiconductor with W, > W,. In the former case more electrons go over from
the metal to the semiconductor. This results in the appearance of a negative

319



8 FUNDAMENTALS OF SEMICONDUCTOR DEVICES

ODODO  AER@E

§ 0 0

QOODE EOOOE
ODOLO O@ROOE

(a) (&)}

. Figure 1-6 Crystal structure of silicon with a silicon atom displaced by (a) a pentavalent (donor)
impurity atom and (b) a trivalent (acceptor) impurity atom,

concentration of electrons is much larger than that of holes. The conductivity
of the crystal is controlled by the group V impurity concentration.

If a trivalent element, boron, aluminum, or gallium, is used as the
substitutional impurity, one electron is missing from the bonding configura-
tion, as illustrated in Fig. 1-6b. A hole is thus produced with a fixed negative
charge remaining with the impurity atom. The number of holes is equal to the
number of impurity atoms if ionization is complete. The trivalent impurity in
silicon is known as an acceptor since it accepts an electron to produce a hole.
This type of semiconductor is called p type. .

Energy-band diagrams for both n- and p-type semiconductors are illus-
trated in Fig. 1-7. The energy level E,, measured from the valence-band-edge
energy E,, is called ‘the ionization energy of the acceptor impurity, The
ionization energy is small becanse an acceptor impurity can readily accept an
electron. The small ionization energy puts the impurity energy level near the
valence-band edge and inside the forbidden gap. Similarly, E,, the donor

ionization energy, is measured from the band edge E. and represents the-

small energy required to set the excess electron in a donor atom free. The
ionization energies of some important impurities for Si, Ge, and GaAs are
given in Fig. 1-8, where the levels in the lower half of the forbidden gap are

Conduction band i Conduction band
Y P ———— o E. -k
Eq = .05eV
Eg=10eV Eg=1ldev

E, = 05 eV
—— :——*————" _________ Eo
" Valence band & Valence band ¢

(a) (€3]

Figure 1.7 Energy-band diagram of (a) an n-type semiconductor and (b) a p-type semiconductor,
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Figure 1-8 Ionization energies for various impurities in Ge, Si. and GaAs at 300 K. (After Sze f1)

measured from E, and are acceptors unless indicated by D for a donor level.
The levels in the upper half of the forbidden gap are measured from E, and
are donors unless indicated by A for an acceptor level. Although most
impurity atoms introduce a single energy level, interaction between host and
impurity atoms may give rise to multiple impurity levels such as gold or
copper in silicon. ‘

1-4 FREE-CARRIER CONCENTRATION IN SEMICONDUCTORS

In order to determine the electrical behavior of a semiconductor, we need to
know the number of electrons and holes available for current conduction. We
shall consider the electron density in the conduction band and shall apply the
result to holes in the valence band by analogy. The electron density in the
conduction band can be obtained if the density-of-states function N(E) and
the distribution function f(E) are given. The first function describes the
available density of energy states that may be occupied by an electron. The
second function tells us the probability of occupancy of these available
energy states, Thus, the density of electrons is the density of occupied states
in the conduction band.

Energy and Density of States

In the energy-band diagram shown in Fig. 1-9 the lowest energy level in the
conduction band, i.e., the band-edge energy E,, is the potential energy of an
electron at rest. When an electron gains energy, it moves up from band edge
to energy level E. In this picture, E — E, represents the kinetic energy of the
electron,

The density N(E) of available states as a function of energy E —~ E, in the
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Kinetic energy
of electron = E — E,

e

Potential energy
of electron

Potential energy

of hole R
Ey
Kinetic energy
of hole = £, — £ Figure 1-9 Schematic representation of kinetic and potential
E energy in the energy-band diagram.

conduction band is derived in Appendix A:

N(E)= 3 @my"(E - Ey" (12
where h is Planck’s constant, the numerical value of which is given in
Table 1-1, along with other important physical constants. The density of

allowed energy states in the valence band is given byt

NE)=3FCemy B~ By (13)

Table 1-1 Physical constants

Constant »_ Symbol Magnitude '
Avogadro’s number : N, 6.023 x 10* molecules/mol
Boltzmann's constant k 138x 1072 J/K = 8.62% 10 eV/K
Electronic charge q 16X 107°C
Electronvolt eV 16x107"°]

Free-electron mass m 9.1x 10" kg
Per}nittivity of free space €, 8.854x 107 Flecm
Permeability of free space Ko 1.257% 10" H/cm
Planck’s constant h 6.625 X 107 )5
Thermal voitage at 300 K- Vr 25.8mV

Velocity of light c 3%x10"cm/s

t Strictly speaking, m, and m, in Eqs. (1-2) and (i-3) are known as the density-of-state
effective masses. .

ELEMENTARY PHYSICAL THEORY OF SEMICONDUCTORS 11

The valence-band-edge energy E, represents the potential energy of the hole,
and E, — E represents the kinetic energy of the hole.

The Distribution Function

The probability that an energy level E is occupied by an electron is given by
the Fermi-Dirac distribution function

. .
J(Ey= E-BIRT 1 | (-4

where E; is an important parameter called the Fermi level, k is Boltzmann's
constant, and T is the temperature in kelvins. Figure 1-10 shows the proba-
bility function at 0, 100, 300, and 400 K. There are several interesting ob-
servations we cen make regarding this figure. First, at 0 K, f(E) is unity for all
energy smaller than E;. This indicates that all energy levels below E; are
occupied and all energy levels greater than E; are empty. Second, the

‘probability of occupancy for T>0K is always ; at E = Ej, independent of

temperature. Third, the function f(E) is symmetrical with respect to E;. Thus,
the probability that the energy level E; + dE is occupied equals the probability
that the energy level E;— dE is unoccupied. Since f(E) gives the probability

that a level is occupied, the probability that a level is not occupied by an
electron is .

: _ 1
1- f(E) =4 e . . 1-5)
Since a level not occupied by an electron in the valence band means that the
level is occupied by a hole, Eq. (1-5) is useful in finding the density of holes in
the valence band.

For all energy levels higher than 3kT above E;, the function f(E) can be

£

0.5 1.0 Figure I-10 The Fermi-Dirac distribution function at
) — different temperatures.
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approximated by

f(E) = ¢ \E-EpiT (1-6)
which is identical to the Maxwell-Boltzmann distribution function for classi-
cal gas particles. The electrons in the conduction band obey Eq. (1-6) if
E. - E;>3kT. For most device applications, with the exception of tunnel

diodes and injection lasers, the function in Eq. (1-6) is a good approximation
for f(E).

Equilibrium Carrier Density

- The total number of electrons in the conduction band is obtained by integrat-
ing the product of the density of states and the occupancy probability

n= [ HENE) dE a7
E;

Substituting Egs. (1-2) and (1-6) into Eq. (1-7) and performing the integration,
we havet

n =J' %’5‘7(2»&)3’2(E — E.)\2 g E-ENIT 4o
E;

= %(zml)fil! e-(E(-E,)IkTJ.x (E - EC)HZ e'(E_Er”kT d(E - E:)
E, )
"= Nce—(E,—E,)/kT ) (1-8)

2rm kT
=)

The quantity N, is called the effective density of states in the conduction band.
In silicon, N, is equal to 2.8 X 10" ¢m™ at 300 K (room temperature). Similar-
ly, the density of holes in the valence band is

‘

where .

N. =2( (1:9)

Ev
p= [ u-fENWNEE (1-10)
Substituting Egs. (1-3) and (1-6) in Eq. (1-10) and integrating yields
. p = N, e EENT
. T 2
where N, = 2(.2_71'24"‘_)

+ Using the definite integral

) ) I ‘/
W2 gmax g0
J; x'e ™ dx 3
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The quantity N, is called the effective density of states in the valence band,
and N is 10” cm™ for silicon at room temperature. The process of obtaining
the intrinsic distribution is displayed graphically in Fig. 1-11. The intrinsic-
carrier density, effective density of states, and band-gap energy of Ge, Si, and

GaAs at room temperature are given in Table 1-2, along with other important
properties. )

The product of Egs. (1-8) and (1-11) is
np = NN, 5 - (1-13)

where E, = E, — E,, which is the energy of the forbidden gap. The band-gap
energy is slightly temperature-dependent and can be described by the em-
pirical relation '

E;=E,-BT (1-14)

where 8 is the temperature coefficient of the band-gap energy and E,, is the
extrapolated value of E, at 0K. For silicon we have E, =121eV and
B=28x10"eV/K. Substituting Eqs. (1-9), (1-12), and (1-14) into Eq. (1-13)
and simplifying yields ’

pn = K, T e ElkT (1-15)

where K is a constant. Equation (1-13) states that the np product is a constant
in a semiconductor at a given temperature under thermal equilibrium. Thermal
equilibrium is defined as the steady-state condition at a given temperature
without external forces or excitation. This pn product depends only on the
density of allowed energy states and the forbidden-gap energy, but it is
independent of the impurity density or the position of the Fermi level.

£t T E ¢t
LY NEIVNED

Arca =y

Arca=un,

1T ARNNUEY

- NEY REY
(a) (b (c)
Figure 1-11 Graphical prucedures for obtaining the intrinsic-carrier concentration: {(a) the density-
of-states function N(E). (b) the Fermi-Dirac function f(E). and (¢) the density of carriers N{E)f(E)

at 300 K. The shaded areas in {a) correspond to the effective density of states; see prob, 1-11 for
further explanation. :




Table 1-2 Properties of Ge, Si, and GaAs at 300 K (After Sze [1] and Grove [2))

Property Ge Si 'GaAs Sio,

Atoms or molecules/cm’ 4.42 x 102 5.0 x 102 T 2.21x 107 2.3x 102
Atomic or molecular weight 72.6 28.08 144.63 60.08
Density, g/fem? 5.32 2.33 - 532 2.27
Breakdown field, V/cm ~10° - ~3x 10° ~35%10°  ~6x10°
Crystal structure Diamond Diamond - Zinc blende Amorphous -
Dielectric constant 16 11.8 ) 10.9 ‘ 3.9

Effective density of states :
Conduction band N, cm™  1.04 % 10" 2.8x 10" . 4.7%x 107

Valence band N,, cm™ 6.1x 10" 1.02 x 10" 7.0 10™
Electron affinity x» Vv 4.13 4.01 4.07 . 09

143 ~8
Energy gap, eV » 0.68 1.12 1
Intrinsic carrier . ,
concentration n;, cm™> 2.5% 10" . 1.5x 10" 10
A '5.654
Lattice constant, A 5.658 5.431
Effective mass: }
Electrons - m,=022m, m*=012m - m,=033m, m¥=0.26m 0.068m
Holes my, =0.31m, m¥ =0.23m my, = 0.56»‘1,‘ m} =0.38m 0.56m
" Intrinsic mobility: .
Electron, cm?/V-s 3900 1350 82(5)3
Hole, cm?/V-s 1900 - ] : 480 .
Temperature coefficient : ) : .
ofl:axpansion 5.8x107° . 2.5%10°¢ 58x10° 510
Thermal conductivity, : . C
W/ecm-°C 0.6 1.5 08 . 0.01

S
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Fig. 16 Electron density as a function of temperature for a Si sample with donor
impurity.concentration of 10" cm™. (After Smith, Ref. 5.)

Fig. 17 Fermi level for Si as a function of tem
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The Metal-Semiconductor Junction.
Schottky Diode. OHMIC CONTACTS

« Programm = Quant.mech.Intro = Sol.St.Intro = defects » quant.structures = auto-organization s p-n
structures » schottky structures u hetero structures « photodetectors . Light-emitters » transistors u
Technology «

Metal-to-semiconductor contacts are of great importance since they are present in every
semiconductor device. They can behave either as a Schottky barrier or as an ohmic contact
dependent on the characteristics of the interface. This chapter contains an analysis of the
electrostatics of the M-S junction (i.e. the charge, field and potential distribution within the device)
followed by a derivation of the current voltage characterisitics due to diffusion, thermionic emission
and tunneling and a discussion of the non-ideal effects in Metal-Semiconductor junctions.

Structure and principle of operation

1. Structure

The structure of a metal-semiconductor junction is shown in Figure 1. It consists of a metal
contacting a piece of semiconductor. An ideal Ohmic contact, a contact such that no potential
exists between the metal and the semiconductor, is made to the other side of the semiconductor.
The sign convention of the applied voltage and current is also shown on Figure 1.

metal semiconductor Chmic

/ contact
L/
anode ! cathode
f n-type
I L1 »*
0 Xg
- )

Figure 1 : Structure and sign convention of a metal-semiconductor junction
2. Flatband diagram and built-in potential

The barrier between the metal and the semiconductor can be identified on an energy band diagram. To construct
such diagram we first consider the energy band diagram of the metal and the semiconductor, and align them using
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the same vacuum level as shown in Figure 2 (a). As the metal and semiconductor are brought together, the Fermi
energies of the metal and the semiconductor do not change right away. This yields the flatband diagram of Figure

2 (b). :
£ .
B Bpcu Metal Semiconductor
ak ak
e 73 E e E— S gdy, . &
: ) frmmm e

Metal Semiconductor ¥ a4 &r

F Ez’ ]
£ // Egae

7 Z .

@ ()

Figure 2 : Energy band diagram of the metal and the semiconductor before (a) and after (b) contact is made.
The barrier height, f, is defined as the potential difference between the Fermi energy of the metal and the band

edge where the majority carriers reside. From Figure 2 (b) one finds that for an n-type semiconductor the barrier
height is obtained from:

# =y — v for an n -type semiconduc tor 1D
Where F,  is the work function of the metal and c is the electron affinity. The work function of selected metals

as measured in vacuum can be found in Table 1. For p-type material, the barrier height is given by the difference
between the valence band edge and the Fermi energy in the metal:

E
= —E 4 Dy Lfor ap-type semiconduc tor 12
g

A metal-semiconductor junction will therefore form a bartier for electrons and holes if the Fermi energy of the
metal as drawn on the flatband diagram is somewhere between the conduction and valence band edge.

In addition, we define the built-in potential, f}> as the difference between the Fermi energy of the metal and that of

the semiconductor.
B, - EF,n

A =Dy ‘,.I"—q— , n-type (1.3)
E -E
4= pr—F gF’p -dys . p-type 1.4

The measured barrier height for selected metal-semiconductor junctions is listed in Table 1. These experimental
barrier heights often differ from the ones calculated using (1.1) or (1.2). This is due to the detailed behavior of
the metal-semiconductor interface. The ideal metal-semiconductor theory assumes that both materials are
infinitely pure, that there is no interaction between the two materials nor is there an interfacial layer. Chemical
reactions between the metal and the semiconductor alter the barrier height as do interface states at the surface of
the semiconductor and interfacial Jayers. Some general trends however can still be observed. As predicted by
(1.1), the barrier height on n-type semiconductors increases for metals with a higher work function as can be
verified for silicon. Gallium arsenide on the other hand is known to have a large density of surface states so that
the barrier height becomes virtually independent of the metal. Furthermore, one finds the barrier heights reported
in the literature to vary widely due to different surface cleaning procedures.

Table 1: Workfunction of selected metals and their measured barrier height on Ge, Si and GaAs.
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Ag Al | Au Cr | Ni Pt W

Oy (nvacoum) | 43 | 425 | 48 | 45 | 45 | 53 | 46

n-Ge 0.54 | 0.48 | 0.59 0.49 0.48
p-Ge 0.5 0.3

n-Si 078 |072 | 08 | 061|061 | 09 [ 067

S 054 [ 058 | 034 | 05 | 051 0.45

n-GaAs 088 | 08 | 05 | 084 | 08

p-GaAs 0.63 0.42 '

2.3. Thermal equilibrium

The flatband diagram, shown in Figure 2 (b), is not a thermal equilibrium diagram, since the Fermi energy in the
meta] differs from that in the semiconductor. Electrons in the n-type semiconductor can lower their energy by
traversing the junction. As the electrons leave the semiconductor, a positive charge, due to the ionized donor
atoms, stays behind. This charge creates a negative field and lowers the band edges of the semiconductor.
Electrons flow into the metal until equilibrium is reached between the diffusion of electrons from the
semiconductor into the metal and the drift of electrons caused by the field created by the ionized impurity atoms.
This equilibrium is characterized by a constant Fermi energy throughout the structure.

Xd

Figure 3 : Energy band diagram of a metal-semiconductor contact in thermal equilibrium.

It is of interest to note that in thermal equilibrium, i.e. with no external voltage applied, there is a Tegion in the
semiconductor close to the junction ( ), which is depleted of mobile carriers. We call this the depletion region.
The potential across the semiconductor equals the built-in potential, £
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2.4. Forward and reverse bias

Operation of a metal-semiconductor junction under forward and reverse bias is illustrated with Figure 4. As a
positive bias is applied to the metal (Figure 4 (a)), the Fermi energy of the metal is lowered with respect to the
Fermi energy in the semiconductor. This results in a smaller potential drop across the semiconductor. The
balance between diffusion and drift is disturbed and more electrons will diffuse towards the metal than the number
drifting into the semiconductor. This leads to a positive current through the junction at a voltage comparable to
the built-in potential.

El Hﬁ-

@ (b)

Figure 4 : Energy band diagram of a metal-semiconductor junction under (a) forward and (b) reverse bias

As a negative voltage is applied (Figure 4 (b)), the Fermi energy of the metal is raised with respect to the Fermi
energy in the semiconductor. The potential across the semiconductor now increases, yielding a larger depletion
region and a larger electric field at the interface. The barrier, which restricts-the electrons to the metal, is
unchanged so that the flow of electrons is limited by that barrier independent of the applied voltage. The
metal-semiconductor junction with positive barrier height has therefore a pronounced rectifying behavior. A large
current exists under forward bias, while almost no current exists under reverse bias.

The potential across the semiconductor therefore equals the built-in potential, f;, minus the applied voltage, V,.
Hr=o)—gdx=0)= o -V, @.1)

3. Electrostatic analysis

3.1. General discussion - Poisson’s equation

The electrostatic analysis of a metal-semiconductor junction is of interest since it provides knowledge about the
charge and field in the depletion region. It is also required to obtain the capacitance-voltage characteristics of the
diode.

The general analysis starts by setting up Poisson's equation:

2
‘{f=-£=-i(p—n+g\f!’;—y‘;) 3.1
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dx ] G
where the charge density, 1, is written as a function of the electron density, the hole density and the donor and
acceptor densities. To solve the equation, we have to express the electron and hole density, n and p, as a function
of the potential, f, yielding:

2 —
d_zf’} _ 2an; (sith il ﬁ) (3.2)
dx 5 V% 2 .
with
N - +
N 33)
% 2n;

where the potential is chosen to be zero in the n-type region, where x >> Xy

This second-order non-linear differential equation (3.2) can not be solved analytically. Instead we will make the
simplifying assumption that the depletion region is fully depleted and that the adjacent neutral regions contain no
charge. This full depletion approximation is the topic of section 3.2.

3.2. Full depletion approximation

The simple analytic model of the metal-semiconductor junction is based on the full depletion approximation.
This approximation is obtained by assuming that the semiconductor is fully depleted over a distance x o called the

depletion region. While this assumption does not provide an accurate charge distribution, it does provide very
reasonable approximate expressions for the electric field and potential throughout the semiconductor.

3.3. Full depletion analysis

We now apply the full depletion approximation to an M-S junction containing an n-type semiconductor. We
define the depletion region to be between the metal-semiconductor interface (x = 0) and the edge of the depletion
region (x = xy). The depletion layer width, X4 1s unknown at this point but will later be expressed as a function

of the applied voltage.

To find the depletion layer width, we start with the charge density in the semiconductor and calculate the electric
field and the potential across the semiconductor as a function of the depletion layer width. We then solve for the
depletion layer width by requiring the potential across the semiconductor to equal the difference between the
built-in potential and the applied voltage, f; - V,. The different steps of the analysis are illustrated by Figure 3.1.

As the semiconductor is depleted of mobile carriers within the depletion re gioh, the charge density in that region
is due to the ionized donors. Outside the depletion region, the semiconductor is assumed neutral. This yields the
following expressions for the charge density, 1:

,((X)=Q‘Nd 0<X<Xd
Ax)=0 xg<x
where we assumed full ionization so that the ionized donor density equals the donor density, N4 This charge

density is shown in Figure 3.1 (a). The charge in the semiconductor is exactly balanced by the charge in the
metal, O, so that no electric field exists except around the metal-semiconductor interface.

(3.3.4)

£1 Full depletion
approximati on

quj/ actud g
A / * Pg":Q

/} \ *a 3 - x
Qs =glNgxz
I / a
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e,
¢ m:_gg_:_qNgxd
(a) (b)
i@=—5(x) P E
dx S
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#Va == N &,
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© : (@

Figure 3.1 : (a)Charge density, (b) electric field, (c¢) potential and (d) energy as obtained with the full
depletion analysis.

Using Gauss's law we obtain electric field as a function of position, also shown in Figure 3.1 (b):

5
74 i) 0<x<xy

3
E(x=0 xg Sx
where € is the dielectric constant of the semiconductor. We also assumed that the electric field is zero outside the

depletion region. It is expected to be zero there since a non-zero field would cause the mobile carriers to
redistribute until there is no field. The depletion region does not contain mobile carriers so that there can be an
electric field. The largest (absolute) value of the electric field is obtained at the interface and is given by:

E(x =~

3.5

A,
E(x=0)=-2a% _ _La 3.6)
where the electric field was also related to the total charge (per unit area), Q » In the depletion layer. Since the

electric field is minus the gradient of the potential, one obtains the potential by integrating the expression for the

electric field, yielding:
Ax)=0 x£0
W,
A =LA~ m?] 0<a<ny
24 [cX))
2
gl x
A= 274 xg $x
25

We now assume that the potential across the metal can be neglected. Since the density of free carriers is very high
in a metal, the thickness of the charge layer in the metal is very thin. Therefore, the potential across the metal is
several orders of magnitude smaller that that across the semiconductor, even though the total amount of charge is
the same in both regions.

The total potential difference across the semiconductor equals the built-in potential, fi, in thermal equilibrium and

is further reduced/increased by the applied voltage when a positive/negative voltage is applied to the metal as
described by equation (3.2.5). This boundary condition provides the following relation between the semiconductor
potential at the surface, the applied voltage and the depletion layer width:

aN 7} €X:)

AV, =—hx=0)=
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25

Solving this expression for the depletion layer width, x4, yields:

254 ~Va)
= ’___ 3.9)
e gy

In addition, we can obtain the capacitance as a function of the applied voltage by taking the derivative of the
charge with respect to the applied voltage vielding:

c. -3 [2a¥a _ & (3.10)
d IdVal Vz(?ﬁ{*Va) x4

The last term in the equation indicates that the expression of a parallel plate capacitor still applies. One can
understand this once one realizes that the charge added/removed from the depletion layer as one decreasesfincreases
the applied voltage is added/removed only at the edge of the depletion region. While the parallel plate capacitor
expression seems to imply that the capacitance is constant, the metal-semiconductor junction capacitance is not
constant since the depletion layer width, x4, varies with the applied voltage.

3.4. Junction capacitance

3.5. Schottky barrier lowering

Image charges build up in the metal electrode of a metal-semiconductor junction as carriers approach the
metal-semiconductor interface. The potential associated with these charges reduces the effective barrier height.
This barrier reduction tends to be rather small compared to the barrier height itself. Nevertheless this barrier
reduction is of interest since it depends on the applied voltage and leads to a voltage dependence of the reverse bias
current. Note that this barrier lowering is only experienced by a carrier while approaching the interface and will
therefore not be noticeable in a capacitance-voltage measurement.

An energy band diagram of an n-type silicon Schottky barrier including the barrier lowering is shown in Figure
3.2

Energy (E)

Distance {nm)

Figure 3.2: Energy band diagram of a silicon Schottky barrier with fg=08Vand¥, 4= 1012 em3,

Shown is the energy band diagram obtained using the full-depletion approximation, the potential reduction
experienced by electrons, which approach the interface and the resulting conduction band edge. A rounding of the
conduction band edge can be observed at the metal-semiconductor interface as well as a reduction of the height of
the barrier.

The calculation of the barrier reduction assumes that the charge of an electron close to the metal-semiconductor
interface attracts an opposite surface charge, which exactly balances the electron's charge so that the electric field
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surrounding the electron does not penetrate beyond this surface charge. The time to build-up the surface charge
and the time to polarize the semiconductor around the moving electron is assumed to be much shorter than the
transit time of the electron . This scenario is based on the assumption that there are no mobile or fixed charges
around the electron as it approaches the metal-semiconductor interface. The electron and the induced surface
charges are shown in Figure 3.3:

Metal | Semi-conductor Metal | Semi-conductor
Surface : Electron Ima,gf: Electron
: charge
charge
<X s X
@ ®

Figure 3.3: a)Field lines and surface charges due to an electron in close proximity to a perfect conductor
and b) the field lines and image charge of an electron.

It can be shown that the electric field in the semiconductor is identical to that of the carrier itself and another
carrier with opposite charge at equal distance but on the opposite side of the interface. This charge is called the
image charge. The difference between the actual surface charges and the image charge is that the fields in the
metal are distinctly different. The image charge concepts is justified on the basis that the electric field lines are
perpendicular to the surface a perfect conductor, so that, in the case of a flat interface, the mirror image of the
field lines provides continuous field lines across the interface.

The barrier lowering depends on the square root of the electric field at the interface and is calculated from:

A¢B — ﬁﬁx_ @3.11D)

4. Schottky diode current

The current across a metal-semiconductor junction is mainly due to majority carriers. Three distinctly different
mechanisms exist: diffusion of carriers from the semiconductor into the metal, thermionic emission of carriers
across the Schottky barrier and quantum-mechanical tunneling through the barrier. The diffusion theory assumes
that the driving force is distributed over the length of the depletion layer. The thermionic emission theory on the
other hand postulates that only energetic carriers, those, which have an energy equal to or larger than the
conduction band energy at the metal-semiconductor interface, contribute to the current flow. Quantum-mechanical
tunneling through the barrier takes into account the wave-nature of the electrons, allowing them to penetrate
through thin barriers. In a given junction, a combination of all three mechanisms could exist. However, typically
one finds that only one limits the current, making it the dominant current mechanism.

The analysis reveals that the diffusion and thermionic emission currents can be written in the following form:

2 ¢

This expression states that the current is the product of the electronic charge, ¢, a velocity, v, and the density of
available carriers in the semiconductor located next to the interface. The velocity equals the mobility multiplied
with the field at the interface for the diffusion current and the Richardson velocity (see section 3.4.2) for the
thermionic emission current. The minus one term ensures that the current is zero if no voltage is applied as in
thermal equilibrium any motion of carriers is balanced by a motion of carriers in the opposite direction.

T =qvl, exp(- 22 )[em(*;—“)—l] @1)

The tunneling current is of a similar form, namely:
Sy =gvpr@ “42)
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where vg, is the Richardson velocity and » is the density of carriers in the semiconductor. The tunneling

probability term, Q, is added since the total current depends on the carrier flux arriving at the tunnel barrier
multiplied with the probability, Q, that they tunnel through the barrier.

4 1. Diffusion current

This analysis assumes that the depletion layer is large compared to the mean free path, so that the concepts of
drift and diffusion are valid. The resulting current density equals:

. .

DN, 2 -V N, [

R A L CRALIEE, N/ iy @3
N AN

The current therefore depends exponentially on the applied voltage, V,,» and the barrier height, fi. The prefactor

~can more easily be understood if one rewrites it as a function of the electric field at the metal-semiconductor

interface, gmax:
2 -V N
Erax = 9 ~Va) Ny @.4)
A
yielding:
7
Frn = 0452 Emax N, ep(~ B exp (L) - 1] @5
V; 2

so that the prefactor equals the drift current at the metal-semiconductor interface, which for zero

4.2 Thermionic emission

The thermionic emission theory assumes that electrons, which have an energy larger than the top of the barrier,
will cross the barrier provided they move towards the barrier. The actual shape of the barrier is hereby ignored.
The current can be expressed as:

Tus = AT e % Ve (P _y 4.6)
* 2
where 4" = “——q”;k— is the Richardson constant and fg 1s the Schottky barrier height.
]

The expression for the current due to thermionic emission can also be written as a function of the average
velocity with which the electrons at the interface approach the barrier. This velocity is referred to as the
Richardson velocity given by:

kT
vp = —— 4.7
2w .
So that the current density becomes:
; v,
T = vl exp( - Eyesp(2) -1 )
v s

4.3. Tunneling

The tunneling current is obtained from the product of the carrier charge, velocity and density. The velocity equals
the Richardson velocity, the velocity with which on average the carriers approach the barrier. The carrier density
equals the density of available electrons, », multiplied with the tunneling probability, Q, yielding:

Jy=gvpr@ : 4.9

‘Where the tunneling probability is obtained from:
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2, * 3f2
O = exp| -2 N2P"_ tB (4.10)
3 A g
and the electric field equals £ =fp/L.

The tunneling current therefore depends exponentially on the barrier height, fp. to the 3/2 power.
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SCHOTTKY DIODES

Metal-semiconductor contact at zero bias

Electrons in the conduction band of a crystal can be viewed as sitting in a potential box formed by
the crystal boundaries (see Fig. 1). This potential box for electrons is usually deeper in a metal than
in a semiconductor. If a metal and a semiconductor are brought together into a close proximity,
some electrons from the metal will move into the semiconductor and some electrons from the
semiconductor will move into the metal. However, since the barrier for the electron escape from the
metal is higher, more electrons will transfer from the semiconductor into the metal than in the
opposite direction. At thermal equilibrium, the metal will be charged negatively, and the

semiconductor will be charged positively, forming a dipole layer that is very similar to that in a p™-n
junction. The Fermi level will be constant throughout the entire metal-semiconductor system, and
the energy band diagram in the semiconductor will be similar to that for an n-type semiconductor in

a p*-n junction (see Fig. 2).

4 Electrons in metal Electrons in
semiconductor
- — —_—

k= E,

E v

I R 9%
E, -

Distance

Fig. 1. Schematic energy diagram for electrons in conduction bands of a metal and of a
semiconductor.

Energies Fyy) and Fg shown in Fig. 2 are called the metal and the semiconductor work

functions. The work function is equal to the difference between the vacuum level (which is
defined as a free electron energy in vacuum) and the Fermi level. The electron affinity of the
semiconductor, Cg (also shown in Fig. 2), corresponds to the energy separation between the

vacuum level and the conduction band edge of the semiconductor.

‘. 2? ] .

10 of 20 4/6/04 4:26 PM



Schottky Diode http://www.mtmi. vu 1t/pfk/funkc_dariniai/diod/schottky. htm

\vjcuumLe\fel
1.5 7
D,
> 1~
D
- X (Ds
o
g 0.5 7
LLI q% 9V
oo ——— &
Ep
-0.5 7
E iconduct
Metal P Semiconductor
...1 —
-1.5
] 1 23 1 E
-0.5 1} 0.5 1 1.5 v

Distance (um)

Fig. 2. Simplified energy diagram of GaAs metal-semiconductor barrier g fp, is the barrier height
(0.75 eV), Cg is the electron affinity in the semiconductor, Fg and F,, are the semiconductor and
the metal work functions, and Vp; (0.591 V) is the built-in voltage. Donor concentration in GaAs is

1 O1 5 cm"3.

A metal-semiconductor diode is called a Schottky diode. In the idealized picture of the Schottky
junction shown in Fig. 2, the energy barrier between the semiconductor and the metal is

g9y = D, - X, (1)

Since Fy, > Fg the metal is charged negatively. The positive net space charge in the semiconductor
leads to a band bending

9 =P =0 @)
where Vy; is called the built-in voltage, in analogy with the corresponding quantity in a p-n
junction. Note that gV}, is also identicat to the difference between the Fermi levels in the metal
and the semiconductor when separated by a large distance (no exchange of charge); see Fig. 1.

However, eq. (1) and Fig. 2 are not quite correct. In reality, a change in the metal work function,
Fp, 1s not equal to the corresponding change in the barrier height fp. as predicted by eq. (1). In

actual Schottky diodes, f;, increases with an increase in F.,butonly by 0.1t00.3eV whenF,

increases by 1 to 2 eV. Even though a detailed and accurate understanding of Schottky barrier
formation remains a challenge, many properiies of Schottky barriers may be understood
independently of the exact mechanism determining the barrier height. In other words, we can
simply determine the effective barrier height from experimental data. Usually, as a crude and
empirical rule of thumb, we can assume that the Schottky barrier height for an n-type
semiconductor is close to 1/2 and 2/3 of the energy gap.

In a Schottky diode, the semiconductor band diagram looks very similar to that of an n-type

semiconductor in a p*-n diode (compare Fig. 1a and 2). Hence, the variation of the space charge
density, r, the electric field, F, and the potential, f, in the semiconductor near the
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metal-semiconductor interface can be found using the depletion approximation:

i .
e S ©))
f\’c — Rcm
w 4
Ly it
Rn,n+1 =2R. + qu W )

(Here x =0 corresponds to the metal-semiconductor interface.) The depletion layer width, x,,, at

zero bias is given by

1
By = ot ®)

Schottky diode under bias

Forward bias corresponds to a positive voltage applied to the metal with respect to the

semiconductor. Just as for a p*-n junction, the depletion width under small forward bias and
reverse bias may be obtained by substituting Vj; with V~ V, where V is the applied voltage. As

illustrated in Fig. 3, the application of a forward bias decreases the potential barrier for electrons
moving from the semiconductor into the metal. Hence, the current-voltage characteristic of a
Schottky diode can be described by a diode equation, similar to that for a p-n junction diode :

I=1 V-1
*.&;"-3"‘1’1,”,;;z - @

where Is is the saturation current, Rsis the series resistance, Vth = kBT/q is the thermal voltage,
and h is the ideality factor (h typically varies from 1.02 to 1.6).

o7
3 7]
§.5 1 ] 5
3 3
L E| E,
1 TR Ay mgr—np—— 1~-—-r—'_‘——umm—
F £,
0 \h—l .V 0 Ns-I IV 0 LA
0 1 23 D 1 23 0123

Distance (am)
(a) (b) ©

Fig. 3. Band diagrams for a GaAs Schottky barrier diode at (a) zero bias, (b) 0.2 V forward bias,
and (c) 5 V reverse bias. Dashed line shows the position of the Fermi level in the metal (x < 0) and
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in the semiconductor (x > 0).

Thermionic emission.

The diode saturation current, I, is typically much larger for Schottky barrier diodes than in p-n

junction diodes since the Schottky barrier height is smaller than the barrier height in p-n junction
diodes. In a p-n junction, the height of the barrier separating electrons in the conduction band of
the n-type region from the bottom of the conduction band in the p-region is on the order of the
energy gap. A typical Schottky barrier height is only about two thirds of the energy gap or less, as
mentioned above. Also, the mechanism of the electron conduction is different. One can show that
the saturation current density in a Schotiky diode with a relatively low doped semiconductor is
given by

. *,2 (2
Jss=AT exp[_ J

kpT (8)
where A* is called the Richardson constant. For a conduction band minimum with spherical
surfaces of equal energy (such as the G minimum in GaAs),

2
m, gk A
A =a 28 120072 [——~—2 2]
2n°h M, \em“K 9)

where my, is the effective mass and a is an empirical factor on the order of unity. The Schottky
diode model described by egs. (8) and (9) is called the thermionic emission model. For Schottky
barrier diodes of Si, A = 96 A/(cm?K2). For GaAs, A" = 4.4 Alcm2K?).

The basic assumption of the thermionic model is that electrons have to pass over the barrier in
order to cross the boundary between the metal and the semiconductor. Hence, to find the
saturation current, we have to estimate the number of electrons passing over the barrier and their
velocities. The number of electrons, N(E)dE, having energies between E and E + dE is
proportional to the product of the Fermi-Dirac distribution function, f(E), and the number of states
in this energy interval, g(E)dE, where g(E) is the density of states:

ME)AE=g(E) [(EME (10)

[N(E) = dn(E)dE where n(E) is the number of electrons in the conduction band with energies higher
than E. At high energies, the Fermi-Dirac occupation function is very close to the Boltzmann
distribution function :

_ 1 ~ exp| 22— E
Fu(E)= [E— EF] exp[ k5T J

The next step should be to multiply the number of the electrons, N(E)JE, in the energy interval from
E to E + dE by the velocity of these electrons. We have to account for different directions of the
electron velocities and integrate over energies higher than the barrier height in order to determine
the flux of the electrons coming from the semiconductor into the metal. Finally, we deduct the flux
of the electrons coming from the metal into the semiconductor. The difference between these two
fluxes will be proportional to the current density predicted by the thermionic model. However, we
can take a much simpler route if we are interested in understanding the physics of the thermionic
model. To this end, let us consider a Schottky diode under a strong reverse bias when Vis
negative and — V >> hkgT. Then /= — I [see eq. (7)], and the band diagram looks like that shown

()
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in Fig. 3c. In this case the energy difference between the Fermi level in the semiconductor and the
top of the barrier is so large that practically no electrons are available to come from the
semiconductor into the metal. However, the Fermi level in the metal is much closer to the top of the
barrier, and electrons still come from the metal into the semiconductor. The flux of these electrons
constitutes the saturation current. In order to estimate this flux, we should recall that the density of

states is a relatively slow function of energy [g(E) is proportional to (E — EC)“ 2. compared to the
distribution function, which decreases by exp(1) 02.718 each time E increases by kgT. Hence, the
largest contribution into the electron flux will come from the electrons that are a few kgT above the
barrier. The number of such electrons will be proportional to the effective density of states in the

semiconductor
mkpl 312
Ne=2\— 2~
20k (12)
and to exp(—fp/kgT). Their velocity in the direction perpendicular to the metal semiconductor
interface is proportional to the thermal velocity

kT
Vibux =, rrT
z (13)

Hence, the saturation current density is given by

3f2
. ¢b] [mnkg.?’] kpT 2y
Jss = CgN, E:xp[—-~ v =2C exXp| ———
ss (o kpT thnx 21!.'&2 m,

1 mnk§T2 ¢‘b
R ] 3 XP|~
2% /1 kpT. (14)

where C is a numerical constant of the order of unity. With a proper choice of C, this equation
coincides with egs. (8) and (9).

Thermionic-field emission

In relatively highly doped semiconductors, the depletion region becomes so narrow that electrons
can tunnel through the barrier near the top (see Fig. 4b). This process is called thermionic-field
emission. In order to understand thermionic-field emission, we have to recall once again that the
number of electrons with energies above a given energy E decreases exponentially with energy as
exp[-Ef(kgT)]. On the other hand, the barrier transparency increases exponentially with the

decrease in the barrier width. Hence, as the doping increases and the barrier becomes thinner,
the dominant electron tunneling path occurs at lower energies than the top of the barrier (see Fig.
4b).

In degenerate semiconductors, especially in semiconductors with a small electron effective
mass such as GaAs, electrons can tunnel through the barrier near or at the Fermi level, and the
tunneling current is dominant. ‘This mechanism is called field emission (see Fig. 4c).
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Fig. 4. Band diagrams of Schottky barrier junctions for GaAs for doping levels Ny = 1015 cm—3

(top graph), Ny = 1017 cm=3 (middle graph), and Ny = 1018 ¢m=3 (bottom graph). Arrows indicate
electron transfer across the barrier under forward bias. At very low doping levels, electrons go over
the barrier closer to the top of the barrier (this process is called thermionic emission). At moderated
doping levels, electrons tunnel across the barrier closer to the top of the barrier (this process is
called thermionic-field emission). In highly doped degenerate semiconductors, electrons near the
Fermi level tunnel across a very thin depletion region (this process is called field emission).

The current-voltage characteristic of a Schotiky diode in the case of thermionic-field emission can
be calculated using the same approach as for the thermionic model, except that in thermionic-field
emission case, we have to evaluate the product of the tunneling transmission coefficient and the
number of electrons at a given energy as a function of energy and integrate over the states in the
conduction band. Such a calculation [see Rhoderick and Williams (1988)] yields the following
expression for the current density in the thermionic-field emission regime under forward bias:

o [_q_V
S = Jstf BXP E,

(15)
where
. o
E, = E,, coth I O;J
B (16)
172
-3
Loy U BESPTP Mafem”) EV)
anYme, _(mn tm, Xasiso) -
»*
= A TARE,o (05 ~qV — E, + Eg, ) exp[ B, —Egy (bp— B + EF,g)}
z — — —_
3 kp cosh(E,, k5T) kgT E, (18)
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In GaAs Schottky diodes, the thermionic-field emission becomes important for Ny > 1017 em3 at

300 K and for Ng> 1016 ¢m=3 at 77 K. In silicon, the corresponding values of Ny are several
times larger. The forward j-V characteristics are shown in Fig. 5.

104

0.5 0.6 0.7

Voltage (V)

-4

Current density (a/cm2)
i
o

Fig. 5. Forward j-V characteristics of GaAs Schottky diodes doped at 101 5, 101 7, and 1018 cm™3
(curves are marked accordingly) at T = 300 K.

The resistance of the Schottky barrier in the field emission regime is quite low. Therefore metal-n*
contacts are used as ohmic contacts._ The specific contact resistance, To decreases with the

increase in the doping level of the semiconductor. (This resistance may vary from 103 Qem? to

1077 Qem? or even smaller depending on semiconductor material, doping level, contact metal, and
ohmic contact fabrication technology.)

A Schottky diode is a majority carrier device, where electron-hole recombination is usually not
important. Hence, Schottky diodes have a much faster response under forward bias conditions
than p-n junction diodes. Therefore, Schottky diodes are used in applications where the speed of a
response is important, for example, in microwave detectors, mixers, and varactors.

‘Schottky Diode
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OHMIC CONTACTS

In the case of a p-n diode, for example, contacts have to be provided to both p-type and n-type
regions of the device in order to connect the diode to an external circuit. These contacts have to
be as unobtrusive as possible, so that the current flowing through a semiconductor device and,
hence, through the contacts, leads to the- smallest parasitic voltage drop possible. Whatever
voltage drop does occur across the contact has to be proportional to the current so that the
contacts do not introduce uncontrollable and unexpected nonlinear elements into the circuit. Since
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such contacts satisfy Ohm's law, they are usually called ohmic contacts.

As was discussed, a contact between a metal and a semiconductor is typically a Schottky barrier
contact. However, if the semiconductor is very highly doped, the Schottky barrier depletion region
becomes very thin, as illustrated in Fig. 4. At very high doping levels, a thin depletion layer
becomes quite transparent for electron tunneling. This suggests that a practical way to make a
good ohmic contact is to make a very highly doped semiconductor region between the contact
metal and the semiconductor.

It may have been better to use a metal with a work function, F,, which is equal to or smaller than
the work function of a semiconductor, F¢. However, for most semiconductors, it is difficult to find
such a metal acceptable for practical contacts.

Current-voltage characteristics of a Schottky barrier diode and of an ohmic contact are compared in
Fig. 1. As was mentioned above, a good ohmic contact should have a linear current-voltage
characteristic and a very small resistance that is negligible compared to the resistance of the active
region of the semiconductor device. An chmic contact with the /-V characteristic shown in Fig. 2
does not satisfy fully these conditions since the voltage drop across this contact is not negligibly
small compared with the voltage drop across the Schottky diode at moderate current densities

above 0.1 kA/cm?2.

As was discussed, the barrier between a metal and a semiconductor is usually smatler for
semiconductors with smaller energy gaps.Hence, another way to decrease the contact resistance is
to place a layer of a narrow gap highly doped semiconductor material between the active region of
the device and the contact metal. Some of the best ohmic contacts to date have been made this
way.

A quantitative measure of the contact quality is the specific contact resistance, re, which is the
contact resistance of a unit area contact. Depending on the semiconductor material and on the
contact quality, 1, can vary anywhere from 1 02 0cm? to 107 Qcm? or even less.

Fig. 1. Current-voltage characteristics of ohmic and Schottky barrier metal-semiconductor contacts
to GaAs. (Schottky contact is to GaAs doped at 1015 cm'3.) Ohmic contact resistance is 10%
Qcm?2.

Most semiconductor devices have either a sandwich structure or a planar structure, as illustrated in
Fig. 2. The contact resistance of each contact in a sandwich structure contact is given by

_Pe
RC_S
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Q)

A typical current density in a sandwich type device can be as high as 104 A/cm?. Hence, the
specific contact resistance of 10 Qcm? would lead to a voltage drop on the order of 0.1 V. This

may be barely acceptable. A larger specific contact resistance of 104 Qcm?2 or so would definitely
lead to problems, as we can see from Fig. 1.

These estimates show that a semiconductor material can become viable for applications in
electronic devices only when good ohmic contacts with low contact resistances become available.
Often, poor ohmic contacts become a major stumbling block for applications of new semiconductor
materials.
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2. TMAH Etching Rates vs. Composition and Temperature

Similar to KOH, the TMAH etch rate varies exponentially with temperature.
Table 4 relates silicon orientation-dependent etch rates of TMAH to percent
composition, temperature, and orientation. Table 4 is taken directly from [2].

Page 6

Etchant Temperature Direction Etch Remarks Resources
O (plane) rate
(um
min ')
5% TMAH: 60 (100) 0.33 [7]
95% H ,0 70 0.48
80 0.87
90 1.4
60 (110) 0.64
70 ‘ 0.74
80 1.4
90 1.8
60 (111) 0.026
90 0.034
10% 60 (100) 0.28 [7]
TMAH: 70 0.41
90% H ,0 80 0.72
90 , 1.2
2% TMAH: 80 (100) 0.65 [8]
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98% H ,0 (111) 041
5% TMAH: 80 (100) 0.63 [8]
95% H ,0 (11n 0.013
10% 80 (100) 0.57 (81
TMAH: (111 0.014
90% H ,0
22% TMAH 90 (100) 0.9 (110)is [9]
in H,0 (110) 1.8 fastest
{aip 0.018 without
surfactant
22% TMAH 90 (100) 0.6 (100) is [9]
inH ,0+ (110) 0.12 fastest with
0.5% (111) 0.01 surfactant
surfactant
22% TMAH 90 (100) 0.6 Surfactants [9]
inH,0+1% (110) 0.1 effect
surfactant (111) 0.009 saturates
\
E EDP

Similar to KOH, EDP is often used for fast removal and silicon micromachining.
Table 5 relates silicon orientation-dependent etch rates in EDP solutions to Temperature
and Orientation.

Etchant Temperature Direction Etch Remarks Reference
O (plane) rate
Page 7
(ym
min ')
500 ml 110 (100) 0.47 EDP ‘T’ etch [10]
NH,(CH,),NH,: (110) 0.28 Oldest EDP
88g C4H,(OH), : (111 0.028 formula
234mlH ,0 ER rises to >
0.83 pm/min
after exposure to
d Page 8 of 13
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oxygen
500 ml 115 (100) 0.45 EDP ‘F’ etch [11]
NH,(CH,),NH,: Fast etch rate
160g C ;H,(OH) , : Must be used at
160mlH ,0 high T to avoid

residue
F etch above 115 (100) Faster w/ [11]
w/1.0g C ;H,N, pyrazine

Less sensitive to

oxygen

Smoother
F etch above 115 (100) 1.35 [11]
w/3.0g C (H,N,
500 ml 50 (100) 0.075 EDP ‘S’ etch [11]
NH,(CH,),NH,: 75 (100) 0.22 Slower etch rate
80g C ,;H,(OH), : 95 (100) 0.43 Suitable for
3.6 CdH,N, :66ml 105 (100) 0.57 lower
H,0 110 (100) 0.75 temperature use

without residue
46.4 mol% 118 (100) Stopsonp * [12]
NH,(CH,),NH,: 4 (110)
mol% C (H,(OH) (111)
2494 mol% H ,0
250 ml 110 (100) [13]
NH,(CH,),NH,: (111)
45g C H,(OH), :
120mlH ,0
F Isotropic Silicon Etches
Often, isotropic etchants having dissolution rates independant of orientation are needed.
These chemical mixtures tend to uniformly remove material, and are limited by the mass
transport of chemical species to the crystal surface. The actual surface reaction rates are
so great that variations to atomic structure do not alter the reaction speed relative to
chemical transport.
Table 6 lists several common recipes and is taken directly from [14].
Formula Comments Reference
HF, HNO , See [14] p73

Page 8

hi dcleaning.pdftcleaning+silicon&hl=en&ie=UTF-8 Page 9 of 13

http://www.google.com/search?q=cache:BkquGvtSGHwJ iwww.virginiasemi.com/pdf/silico



http://www.google.com/search?q=cache:ququtSGHwJ:www.vhs' i

Wet—Chemigal Etching and Cleaning of Silicon

HF, HNO ,, H,0 or CH ,COOH

900m] HNO ,, 95 ml HF,

5ml CH ,COOH, 14g NaCIO ,
745 ml HNO ,, 105 m!l HF,

75 ml CH ,COOH,

75 ml HCIO ,

50 ml HF, 50 miCH ,COOH,
200 mg KMnO ,(fresh)

108 ml HF, 350g NH ,F perLH ,0

G Silicon Defect Delineation Etches

Various combinations give different
etch rates
15 pm/min

170 A/sec

Epi Etching 0.2 ym/min

Epi Etching

n type 0.2-0.6 ohm-cm; 0.43 A/min
p type 0.4 ohm-cm; 0.45 A/min

p type 15 ohm-cm; 0.23 A/min

4/20/04 3:53 PM

[15]
[16]

[17]

[18]

[19]

Certain chemical etchants are strongly dependent on defects, and defect structures in the

single crystal silicon. These etchants are commonly used to high-light or delineate

defects in the material.

Table 7 lists the most common defect delineation mixtures, and is taken directly from

[14]
Formula Name Application Shelf
1 ImlHF, 1mlC ,0,(5M) Sirtl 111 Silicon
Approx Smin etch
2 I mlHF, 3 ml HNO ,, Dash 1110e100norp
1 mlCH ,COOH (works best on p)
Approx 15 hr etch
3 2mlHF, 1 ml K2Cr ,0, Secco 100 or 111 silicon
(0.15M)
2mlHF, 1mlCr ,0, Secco 100 or 111 silicon
(0.15M)
4 200 ml HF, 1 HNO 3 P-N delineation
5 60 ml HF, 30 ml HNO , Jenkins general use
60mlH ,0 Wright
60 m! CH ,COOH, 30 ml does not roughen
(1g CrO ;t02mlH ,0) defect free
regions
Approx 30 min
etch
6 2mlHF, 1 mlHNO ,,2 Silver epitaxial layer
ml AgNO ,(0.65M in faults

t.com/pdfisilico

o
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Ref
Life
5 min [20]

8h [21]

Smin [21]

Smin [21]]20]
[20]

6 wks [21][20]
[22]

[20]
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H20)
7 SgmH IO,,5mgKlin Sponheimer Etch 5-20 seconds [22]
50 ml H ,0, 2 ml HF Mills Jjunction
delineation
Page 9
8 Shipley 112° [23]
9 6 ml HF, 19 ml HNO [23]
10 (150g/1 (1.5M) CrO  ,to Yang [24]
H,0) to HF 1:1
11 600 ml HF, 300 ml Copper [25]
HNO ;28g Cu(NO ,),,3 Etch
mlH ,0
12 1000 mi H , 0, 1 drop [25]
(1.0N) KOH 3.54g kBr,
.708g KbrO ,
13 55¢g CuSO ,, SH20, 950 Copper [25]
ml H ,0, 50 ml Hf Displacement
14 1 ml HF, 3 ml HNO , White 15 secs. PN
Junction etch with
stron light
15 3ml HF, 5 ml HNO ,, CP4 10 sec — 3 min [26]
3ml CH ;COOH : P-N Junctions
16a 25ml HF, 18 ml HNO ,, SD1 2-4 min reveals [26]
5 ml CH ;COOH/.1Br2 edge and mixed
10ml H ,0, 1g Cu(NO ,), dislocations
16b 100 ml HF; .1 to .5 ml P stain [26]
HNO3
16¢ 50 ml dilute Ca(NO ), N stain [26]
1 to 2 drops HF
16d 4% NaOH add 40 NaClO 80°C specimen [26]
until no H ,evolution thinning (float
from Si specimen on
http://www.googIe.com/sear(;h?q=cache:ququtSGHwJ:www.vhg' jasemi.com/pdf/sili d pdf: ing+silicon&hl=en&ie=UTF-8 Page 11 of 13
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!

17

18

195g

300 ml HNO ,, 600 ml
HF 2mi Br ,,24g
Cu(NO ,), dilute 10:1
wtih H ,0

a) 1) 75g CrO ,in 1000
ml H ,0 mix 1 part 1) to 2
parts 48% HF

b) mix part 1) to 2 parts
48% HFto 1.5 partsH ,0
H;10,,50 ml H , 0,

2 ml HF, Smg K1

Sailer

Schimmel

Periodic
HE

surface of etch)
Etch 4 hr Epi [27]
Stacking Faults

Resistivity greater
than .2 ohm-cm
(111) oe (100)
approx 5 min

Resistivity less
than .2 ohm-cm
Junction
Deliniation

4/20/04 3:53 PM

H Conclusion
There are many wet-chemical etch recipes known for etching silicon. These processes

are used for a variety of applications including micromachining, cleaning, and defect
delineation. The detailed behaviour and rate of the etchant will vary between laboratory
enviroments and exact processes. However, the data and phenomena recorded above

have been reported by many researchers and manufactures.

For further details the reader is encourage to fully explore the direct and indirect
references sited.
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Page 5
23.4% 80 (100) 1.0 Sensitive to [5]
KOH: (110) 0.06 boron
63.3% concentration
H,O:
13.3% IPA
D Anisotropic TMAH (tetramethylammonium hydroxide) Etching
Similar to KOH etching, TMAH is commonly used for fast removal and silicon
micromachining.
1. TMAH Etching Rates vs. Orientation
The orientation dependence of the TMAH etch rate is similar to KOH and varies
similarly in accordance to the atomic organization of the crystallographic plane.
Table 3 relates silicon orientation-dependent etch rates of TMAH (20.0wt%,
79.8°C) to orientation. Table 3 is taken directly from [6].
Orientation Etching rate (ym Etching rate ratio
min ') (1jk)/(100) ijk/11n)
100 0.603 1.000 37
110 1.114 1.847 68
210 1.154 1.91470
2111.132 1.877 69
221 1.142 1.894 69
310 1.184 1.964 72
311 1.223 2.028 74
320 1.211 2.008 73
331 1.099 1.823 67
530 1.097 1.819 66
540 1.135 1.882 69
111 0.017 0.0271
http://www.google.com/search?q=cache:BkquGvtSGHwJ:www.virgini i.com/pdf/silice hi dcleaning.pdft+cleaning+silicon&hi=en&ie=UTF-8 Page 6 of 13
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:?g: ‘ALS.SJ Measurement of Barrler Helght 7
G020y

Basically, four mcthods ure used to measure the barrier height of a
metal-semiconductor contact: the current-voltuge, activation energy,
capacitance-voltage, and photoelectric methods.®

[~}
[

(=]
(-]

Current-Voltage Measurement For moderately doped semiconduc-
tors, the I-V characteristics in the forward direction with V >3kT/q is
given by Eq. 49:.. -

J = A"T’exp( - 9‘%‘3-“) exp[ﬂ%riﬂ] (79)

o
»

o
~N

$: INDEX OF INTERFACE BEMAVIOR

where due is the zero-field asymplotic barrier height as shown in I';ig. 18,

%0704 06 08 1.0 1.2 14 16 18 20 22 24 A®*® is the effective Richardson constant, und A¢ is the Schottky burrier
e lowering. Since both A** and A¢ are functions of the applicd voltage, the
L forward J-V charmcteristic (for V >3kTlq) is represented by J ~
Fig. 20 (a) Barrisr height versus slectronegativity of metals deposited on Si, GaSe, and exp(qV/nkT), as given previously in Eq. 53, where n is the ideatity fuctor:
Si0,. {b) Index of interface buhavior S as s funclion of the electronegativity difference of the
semiconduciors. (Altar Kurlin, McGill, and Mead, Rel. 20.) : " .ks_lf 3.(1':.‘:_'3.)

(80)

_[i. 250 KT a(nA**)]"
[1+ 25+ ET 20BN
Typical examples are shown in Fig. 22, where n = 1.02 for the W-Si diode
and n = 1.04 for the W-GaAs_diode. The extrupoluted value of current
278
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density at zero voltuge is the saturation current Js, und the barrier height
can be obtained from the equation

KT, (A**T?
dra =% In (--J—;—). )

The value of p. is not very sensitive to the choice of A®*, since at room
temperature, a 1009 increase in A** will cause an increase of only 0.018V
in- dua. The theoretical relutionship between Js und ¢y, (0r dp,) at room
temperature is plotted in Fig. 23 for A** = 120 Alcm®/K3. For other vulues
of A**, parallel lines can be druwn on this plot to obtain the propes
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relutionship. In the reverse direction, the dominunt effect is due to the
Scholtky-barrier lowering, or

Je=Js (for Vo >3kTly)
' Vq¥ldne
= AS*T? cxp( - g‘?'ﬁ.g) exp( +4 -—gk—.'-.——-‘) (82)

where

- -ﬂﬁﬂ(vw.,-ﬁq’-'-).

If the barries height qdua is sufficienily smaller than the bandgap so that the
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32) q. 82 tor » P1Si-Si diods. (Afler Lepselter and Sze, Ret.

depletion-laye i inatio
Wi:,h ‘ l:cnsi‘:::;:l ﬁ;n:nfugn-recombmauon current is small in comparison
i mission current, then the reverse cu ilt i
gn;:hmlly with the reverse bias as g;ven by Eq szm current wil increase
or Y i iodes, |
revcrse‘?::::c:t‘ .thc pruuuful Schottky diodes, however, the dominant
component is the edge-leakage current, which is caused by
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the sharp cdge around the periphery of the metal plate. This sharp-edge
effect is similar to the junction curvature effect (with r;—»0) as discussed in
Chapter 2. To climinate this effect, metal-semiconductor diodes have been
faubricated with a diffused guard ring a8 shown”? in Fig. 24a. The guard ring
is a deep p-lype difTusion, und the doping profile is tailored to give the p-n
junction i higher breakdown voltage thun that of the metal-semiconductor
contact. Because of the elimination of the sharp-edge effect, near-ideal
forward and reverse -V characteristics have been obtained. Figure 24b
shows a comparison between experimental mcasurement from o PtSi-Si
diode with puard ring and theoretical calculation based on Eq. 82. The
agreement is excellent, The sharp increase of current near 30V is due to
avalanche breakdown and is expected for the diode with a donor concens
tration of 2.5 % 10" cm™,

The efficacy of guard ring structures in preventing premature breakdown
and surface leakage can be ascertained by studying reverse leakage current
as a function of diode diameter at constant reverse bias. For this purpose,
arrays of Schottky diodes with different diumeters can be formed on the
semiconductor. Figure 25 shows the measured reverse Jeukage currents as
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EXPERIMENT
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Fig. 25 Reverse loakage current as 3 function of diode diameter tor NiSi-8t diodes
formed on a-type silicon with Np = 6% 10" cm 3 (Mter Andrews and Koch, Aet. 33)
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activation energy plots of the forward current in Al-n-type Si contacts
unnealed at various temperatures.” The slopes of these plots indicate a
neacly linear increase of effective Schotiky barrier height from 0.71 to
0.81 V for unnealing temperatures between 450 and 650°C. These obser-
vitions were also confirmed with I-V und C-V measurements.

Obviously, when the Al-Si cutectic temperature (~580°) is reuched, the
true metallurgical nature of the metal-semiconductor must be considerubly
modified. Determination of the ordinate intercepts from the plots shown in
Fig. 27 indicates that the electrically active urea increases by a factor of 2
when the anncaling temperature exceeds the Al-Si eutectic temperature.

Capacltance-Voltage Measurement The burrier height can also be
determined by the capacitance measurement. When a small ac voltage is
superimpuosed upon u de bins, charges of one sign are induced on the metal
surfuce and charges of the opposite sign in the semiconductor. ‘The
relationship between C and V is given by Eq. 9. Figure 28 shows some
typical results where 1/C? is plotted against the applied voltage. From the
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Fig. 28 1/C? versus applied voltage for W~Si and W-GaAs diodes. (After Crowell,
Sarace, and S2e, Ret. 31.)°
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Fig. 29 Sumiconducior with one shallow donor lovol and one doop donor level. Nn and

Ny aro the shallow donor and deop donor concontration, respectively. (Alter Roburis and
Crowsll, Ref. 35.)

intercept on the voltage uxis, the barrier height can be determined:™*
o = Vit v+ 504 (85)

where V, is the voltage intercept, and V, the depth of the Fermi level
below the conduction band, which can be computed if the doping concen-
tration is known. From the slope the carrier density cun be determined (Eq.
10¢). (This method can ulso be used to measure the doping variation in an
epitaxial layes.)

The C-V measurement can also be used 1o study decp impurity levels.,
Figure 29 shows a semiconductor with one shallow doping level and one
deep donor level.” Under bins, ull the donors above the Fermi level will be
ionized, giving u higher doping concentration near the interfuce. When a
small ac signal is superimposed on the dc bius and when the deep level can
follow the signal, there will be an additional contribution of dN/dV to the
capacitance. Figure 30 shows 1/C? versus V for various frequencies. The
low-[frequency curves can reveal the properties of the deep impuritics. To
obtain the barricr height of semiconductor with one shallow level and one
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Fig. 28 Theory and experiment of reverse characteristics lor 3 RhSi-Si diods. {Alter
Androws and Lepselter, Rel. 19)

a function of divde dismeter.” The solid lines drawn through the
experimental dita have slopes equad to 2, showing that the leakage currents
ure proportional 1o the device area. If, on the other hand, the leukage
currents ure dominated by edge effects, the duta would be expected to lie
along straight lines with slopes equal to unity.

For some Schottky diodes, the reverse current has an additional voltage
dependence. This dependence urises from the fact that if the metal-
semiconductor interface is free from intervening layers of oxide and other
contuminants, the electrons in the metal have wave functions that
penetrate into the semiconductor energy gap. This is » quantum-mechanical
effect thut results in a static dipole layer at the metal-semiconductor
interfuce. The dipole layer causes the intrinsic burrier height to vary
slightly with the ficld, so 3¢pn/3€.# 0. To a first approximation the static
lowering con be expressed as

(A i == w6, (83)

where a @ 3yn/aé,.. Figure 26 shows good ugreement between the theory
and meusurements of the reverse current in a RhSi-Si diode, bused on an
empirical value of a = 17 A,

Activation Energy Measurement ‘The principal advantuge of
Schottky-burrier  determination by means of an  activation encrgy
measurement is that no assumption of electrically active urea is required.
This feature is particularly ‘important in the investigation of novel or
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unusual metal-semiconductor interfaces, because often the true value of
the contacting area is not known. In the case of poorly cleaned or
incompletely reacted surfaces, the electrically active area may be only a
small fraction of the geometric area. On the other hand, a strong metallur-
gical reaction could result in rough nonplunar metal-semiconductor inter-
fuce with an_electrically active asrea that is larger than the uppurent
geometric area.
If Eq. 49 is multiplied by A,, the electrically active urea, we obtain

(1 T?) = In(A,A**) - q(ya ~ Vi)KT . (84)

where g(dus — Vi) is the activation energy. Over a limited range of
temperature (e.g., 273 K < T <373 K), the value of A** and $ua are essen-
tially temperature-independent. Thus for a given forward bins V,, the slope
of a plot of In(J:/T?) versus )T yields the barrier height ¢y, and the
ordinate intercept at /T =0 yields the product of the electricully active
urca A, and the effective Richardson constant A**, ‘

To illustrate the importance of the activation energy method in the
investigation of interfacinl metallurgical reactions, Figure 27 shows the

T {*¢)
_ 130 100 80 23 0
10 ¥ Y Y Y 0 T
csorolL
ANNEALING TEMPERATURE
&; 4350 °C
N 300
: 'o'" L.
o 2 850
< '\\\ €00
N N
- b /050
. Q withou! heat
‘ ‘ freoiment
1o~ L. § ,
'o") ]
(X ] 30 3.8 40
1000/7 (K"Y)

Fig. 27 Activation energy plots for determination of barrier height. (After Chino, Ret. 47.)
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Fig. 26 Theory and expenment of reverse characteristics for a RhSi-Si diode. (Alter
Amdrews and Lepseitor, Ref 19)

a function of divde dismeter.” The solid lines drawn through the
experimental data have slopes equal to 2, showing that the leakage currents
are proportional to the device arca. 1f, on the other hand, the leakage
currents are dominaled by edge effects, the duta would be expected to lie
along straight lines with slopes equal to unity.

For some Schottky diodes, the reverse current has an additional voltage
dependence. This dependence arises from the fact that if the metal-
semiconductor interfuce is free from intervening layers of oxide and other
contaminants, the clectrons in the metal have wave functions that
penctrate into the semiconductor energy gup. This is a quuntum-mechanical
effect thut results in a static dipole layer at the metul-semiconductor
interface. The dipule layer causes the intrinsic burrier height to vary
slightly with the ficld, so ddu/dé. # 0. To a first approximation the sl.mc
lowering can be expressed as

(3 hiun = a'éa, (83)

where a @ Il dé.. Figure 26 shows io&id'hgreemcnl between the theory
and meusurements of the reverse current in a RhSi-Si diode, bused on an
empirical value of o = 17

Activation Energy Measurement The principal advantage of
Schottky-barriee  determinution by means of an  activation energy
mensurement is that no assumption of clectrically sctive ureu is required.
This festure is particulurly important in the investigation of novel or
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unusual metal-semiconductor interfuces, because often the true value of
the contacting area is not known. In the case of poorly cleaned o
incompletely reacted surfuces, the electsically active area may be only a
small [raction of the geometric aren. On the other hand, a strong metullur-
gical reaction could result in rough nonplanar metal-semiconductor inter-
face with an electrically active area that is larger than the apparent
geometric area.
If Eq. 49 is multiplicd by A,, the clectrically active area, we obtain

(1T = In(A,A**) - q(due = Vi )IAT (84)

where (Pue — Vi) is the activation energy. Over a limited range of
temperature (e.g., 273 K < T <373 K), the value of A** and $,, are essen-
tinlly temperature-independent. ‘Thus for a given forwurd bias V4, the slope
of a plot of In(I/T?) versus /T yiclds the busrier height ¢ue and the
ordinate intercept al VT =0 yields the product of the electrically active
arca A, and the effective Richardson constant A*®,

To illustrate the importance of the uctivation energy method in the
investigation of iaterfacial metallurgical reactions, Figure 27 shows the
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Fig. 27 Actwation energy plois for determination of barrier height. (Atter Chino, Ref. 47.)
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When the square root of the photoresponse is plotted as a function of - e 22 _
photon energy, u straight line should be obtained, and the extrapolated value o ﬁ e= ,
on the energy axis should give directly the burrier height. Figure 32 shows the = “ eneR 8- )
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The photoelectric measurement can be used 1o study other device and - p=] o~
material purumeters. It has been used to determine the image-force dielec- = P o ° g
tric constant of Au-Si diodes.” By measuring the shift of the photo- “ a =d
threshold under different reverse biases, one can determine the image-force £ °"°°‘. a
lowering A¢. From a plot of Ad versus V€, the image for dielectric |~ < §
constant (eJes) can be determined, as shown previously in Fig. 5. The - $ 81 - e
photoclectric measurement has been used to study the temperature “ s ©° -
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function of temperature of Au-Si diodes. The shift of photothreshold = oo g
correlates reasonnbly well with the temperature dependence of the silicon- - =) é
bundgup. This result implics that the Fermi level at the Au-Si interface is = ] 2252
=| 33
v _ o e
£ 2| B s = Q3 QRS
> 6 4 - A o 2% 8 ] 38 3-=
§ / t§ 51 3| 3 3s ©
gs S g3 2 -
-~ . 2 o thaer <R
T / LY 5| :lzassd) %33‘—’:5%%35%6%3@6“ =
§ 4 ® 2188888} ==~ 2 eege
] T = E =9 §
: /| - - R g 83 8 g 2 § s°°°
%3 Z { E| 2| s s° “ N 225 358
" ' @ o w g2/ 3 3 333 ==
ﬁ w-GoAsv ' . t‘ ob %gh" oo~
S : § 8| | °=°°° s =2nf IR A%
g | ” £l ~leg & £238888% § so- A= -7
H » > |« g = PR N R el
g 0.65eV 08ev / ‘ ° “:3 e -~ ~ ggggﬂﬂllliﬂﬂ
] % l ol > g g. aen® a e e OO an = o =
Ll e?” 1
‘g'oos or... :n 09 10 X] 12 1.3 ) . sl 'y
. a i . ’ " & ] (7,1
b ARt L2385, 833338322838 ANE
Fig. 32 Square root of the photoresponse par incident photon versus photon energy for 4 g ] l E 6 Sup w<<a MO0
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Table 4 Barrier Height of Metal Silicide on n-Type Si

Forming Meliing
M_‘_“}' on Temperature  Temperature
Siticide vy . Structure *C) C)
CoSi 068  Cubic 400 1460
CoSi: 0.64 Cubic 450 1326
CrSiz 0.57 Hexagonal 450 1475
HISi 0.53 Orthorhombic -~ 550 2200
IrSi 0.93 — k11}) —
MnSi 0.76 Cubic 400 1275
MnySiw 0.72 Tetragonil 800" 1145
MoSi; 0.5s  Tetragonal 1000¢ 1980
Ni.Si 0.7-0.75  Osthorhombic 200 1318
NiSi 0.66-0.75  Orthorhombic 400 992
NiSi: 0.7 Cubic 800" 993
Pd,Si 0.72-0.75 Hexagonul 200 1330
PtSi 0.84 Orthorhombic 300 1229
RhSi 0.69 Cubic 300 —_
TuSis 0.59 Hexagonal 750" 2200
TiSi: 0.60 Orthorhombic 650 1540
WSi; 0.65 Tetragonal 650 2150
ZrSix 0.55 Orthorhombic [ Y] 1520

*Caun be = 700°C under clean interface condition.

pinned in relation to the valence-band edge, and this is in agreement with
our discussion in Section 5.5.1. :

Measured Barrler Heights The [-V, C-V, activation energy, and
photoelectric methods have been used 10 measure the barrier heights. For
intimate contacts with clean interface, these methods generally yield con-
sistent burrier heights within = 0.02 V. A large discrepancy between
different methods may result from such causes as contamination in the
interface, intervening insulating layer, edge leakage current, or deep im-
purity levels. . .

The meusured Schottky basrier heights are listed™* in Table 3 for some
clemental and compound semiconductors. The barrier heights are
sepresentative values for metal-semiconductor contacts made by deposi-
tion of high-purity metals in a good vacuum system onlo cleaved or
chemically cleancd semiconductor surfuces. As expected, silicon and GuAs
metal-semiconductor contacts are most extensively studied. Among the
metals, gold, aluminum, and platinum are most commonly used. The barrice
heights of metal silicides on n-type silicon are listed®** in Table 4.

It should be pointed out that the barrier height is generally sensitive to
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Fig. 33 Barrier heights on n-type Si and GaAs measured at room temperature after

annealing at various temperatures.

- i d post-deposition heal treatments.
B e s on & e S‘i)and GaAs measured at room temperature after

butrier heights on n-typ
anncaling at various temper

# Eigure 33 shows the

atures. The barrier height of a Pt-Si diode is

0.9 V. After anncaling at 300°C or higher temperatures, PiSi is formed at

the interface® und due Jdecreuses to 0.85V. For Pt-G

barrier height increases from 0.84V to 08

i s _Sj diode is annealed above 450°C, le
interface. N acres s :I;due to diffusionof Siin Al(ulso sce Fig-

height begins to increase®’ presuma

aAs contact the

27). Fora W-Si diode the barrier height remains const‘x.mt until the anncaling
temperature is above 1000°C, where WSiy is formed.”"

553 Barrler Helght Adjustment

jer height is determined pri-
F standard Schottky barrier, the barrier
mur‘i)lry :y the character of the metal and the metul-semiconductor interfoce

property and is nearly independent of the
on a given semiconductor (c.g., n- Of P

doping. Usual Schottky bxmk.n
-type Si) therefore give n finite

number of choices for barrier height (Tables 3 and 4).
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ABSTRACT

The electrical properties of AwBi,Ti;0,2/Sn0O; structures were investigated by forward bias 1-V, forward and
reverse bias C-V and G/®-V measurements. The results indicate structural disordering, presence of the interface
states in the BTO capacitors and existence of polarization. Dielectric constant(¢'), dielectric loss(e”) and
dielectric tangent(tan8) were found as 170, 309 and 1,8 respectively at 50 kHz. C-V and G/@-V were measured
in the frequency range of 1 kHz-5 MHz. It was found that dielectric constant(s") and dielectric loss(e")
systematically decrease with increasing frequency in 10 kHz-1 MHz frequency range and tand versus frequency
plot exhibits a minimum at about 5 kHz. The ideality factor and series resistance were found to be 1,5 and 1030
Q respectively from [-V measurements and series resistance was found as 350 Q from the measured
conductance in strong accumulation region. The observations are comparable with the other values for BTO

structures reported in the literature.

Key Words: Auw/BisTiz01/SnO; structures, Dielectric constant, Dielectric loss, Frequency dependence,

Series resistance

1.INTRODUCTION

When a metal is brought into intimate contact with a
semiconductor, a potential barrier is formed at the
metal- semiconductor (MS) interface [1]. In 1938,
Schottky suggested that the rectifying behavior could
arise from a potential barrier as a result of the stable
space charges in the semiconductor. This model is
known as the Schottky Barrier (SB). Metal-
semiconductor devices can also show non-rectifying
behavior; that is, the contact has a negligible resistance
regardless of the polarity of the applied voltage. Such a
contact is called an ohmic contact. The height of
potential barrier can be determined by the difference
between the work function of the metal (®,) and
semiconductor (@) [1]. The work function is the energy
difference between the vacoum level and Fermi level
(Er). When a forward bias voltage V, is applied to the
junction, the effective barrier height in the
semiconductor becomes q (®g-V,) and the electron
flow from the semiconductor into the metal is enhanced
by a factor, exp(qV/kT). Experimentally obtained
barrier heights deviate from this rule and the basic
mechanisms of the Schottky Barrier formation are still a
field of intensive research. BiyTi;O;; structures are the
simplest and among the most well known compounds
among the bismuth layer-structured ferroelectrics and

*Corresponding author, e-mail: fundap@taek.gov.tr

are particularly interesting because of their peculiar
switching behavior [2,3] resulting from a small c-axis
component of the spontaneous polarization and a small
coercive force. BiyTisO;; is a typical ferroelectric
material with useful properties.

2:MATERIAL AND METHODS

The Bi,Ti;0;, (BTO) thin film which is used in this
study was obtained through hot compaction of
Bi4Ti;0,; powder. The mixture of Ar and O, was used
as a working medium. The structure of the obtained
BTO thin film was determined by rf magnetron
sputtering. The BTO thin film was grown on SnO,
substrate. The chemical composition of film was
determined by the X-ray energy dispersive spectroscopy
method using a scanning eleciron microscope REM-
101M. The spectral line intensity relation for BTO films
was compared with a standard sample. After composing
the back ohmic contact, the gold top contacts
(rectifying contacts), with a thickness of about 2000 A
and a diameter of 2.5 pm, were deposited on the films
by using a shadow-mask at room temperature by 1f
sputtering. The electron diffraction patterns of
Bi;Ti;01, film with a thickness of ~2 pm were obtained
by magnetron sputtering on crystal substrate at

jtEprre

v



98 G.U. J. Sci., 20(4):97-102 (2007)/ Funda PARLAKTURK, Arif AGASIEV, Adem. TATAROGLU, Semsettin. ALTINDAG

temperatures around 700 °C. The measurements of
capacitance vs. voltage (C-V) and conductance vs.
voltage (G-V) characteristics for the Auw/Bi,Ti;0,,/Sn0O,
structure were performed by using a Hewlett-Packard
HP 4192 A LF impedance analyser (5 Hz-13 MHz) at
various frequencies between 1 kHz and 5 MHz. The
current-voltage {(I-v) characteristics for
AwBiTi;0,,/Sn0, structure were obtained by using a
Keithley model 614 electrometer and 220

programmable cons curmrent source at room
temperature. The Sample was ted on a copper
holder in a box and the electrical contavts were created

with the upper gold electrodes by using tiny silver
coated wires with silver paste.

2.1. Current-Voltage Characteristics

A typical forward bias semi-logarithmic In(I)-V
characteristics of AwBi,Ti;012/SnO; structures is
shown in Figure 1. The In(I)}-V curve consists of two
linear regions with different slopes, one at low bias <0,7
V and one at mid bias region (0,7V<V< 0,9V) showing
the exponential relationship between the current and
voltage.

1,E-03 ¢

1E-04 |

z
L34

g

Current(A)

16074

1,E-08
.0 02 04 06 08 1 12 14
Voltage(V)

‘Figure ‘l. Forward bias IV characteristics of
Au/Bi;Ti30,,/Sn0, structures.

In high bias region (> 0,9 V) the series resistance R; can
be dominated from linear part. The most interesting
region for a Schottky diode, i.e., the mid bias region
which is dominated by the diffusion component of the
current, shows a linear behaviour in the semi-
logarithmic plot enabling one to extract the important
diode parameters (ideality factor n, reserve saturation
‘current I, and barrier height ). The most common theory
of Schottky barrier diode is based on the thermionic
emission (TE) and according to this model, the current-
voltage (I-V) relationship is given by;

I= Is[exp(qk—?—)— l] U

where q is the electronic charge, k is the Boltzman
constant, T is the absolute temperature, Vp is the
voltage across the junctjon and Ig is the reserve -
saturation current and described by [1],

Is = AA'T? expl(- q @, 1 kT) )
where A is the area of rectifying contact (diode), A" is
the modified Richardson constant and ¢g is the effective
barrier height from metal to semiconductor. The Is was
found as 6,13.10""° Amphere by extrapolating the linear
mid bias region of the curve to zero applied voltage axis
and the ideality factor n was found to be 1,5 from the
slope of this linear region. When the structure has a
series resistance and interface states, ideality factor n
becomes higher than unity; most practical Schottky
diodes show deviation from the ideal thermionic theory.
For the case of the diode with a high series resistance
and ideality factor, the relation between the applied
forward bias V and the current I can be written as [10-
13}, :

I=1, exp[%(V - IR, )] @

when Vp > 3kT/q [1]. A method to extract the series
resistance R; of ideal Schottky diode (i.e., n=1) was first
proposed by Norde [10]. For l<n<2 case, Sato and
Yasamura [11} and n>>1 case Bohlin [12] modified
Norde’s approach to extract the values of n, Rg and ¢p
from the forward bias 1-V data of any Schottky diode.
The equation can be written as:

V =Rodl +ngy +n* % Lnly ad'T?) @
q

Differentiating Eq.(4) with respect to I and rearranging
the terms,

a—‘éi—% = n(%TJ +RJ (52)

HO)=y —( %)m(VAATZ ): ngy +RI (5b)

L —

can be obtained [13]. Thus, a plot of d(V)/din(I) vs 1
will give R, as the slope and n(kT/q) as the y-axis
intercept. At room temperature the d(V)/dIn(l) vs. I plot
for Aw/BiyTi;0,,/Sn0, structure is shown in Figure 2
(a). The values of ideality factor n and series resistance
R, were found as 1,5 and 1030 € respectively. As can
be seen, the values determined for the ideality factor n,
obtained from the plots, are incompatible with each
other.
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Figure 2. The experimental dV/d(Inl) vs. I and
H(@)vs.plots for Aw/BisTi;0,,/Sn0; structure.

Using the n value determined from Eq.(5a), H(I) vs. I
plot will also give a straight line (Figure 2b) with y-axis
intercept - equal to nds. The slope of this plot also
provides a second determination for R,, which can be
used to check the consistency of this approach. A
departure from the linearity in In([)-V characteristics at
high forward bias (V > 0.9 V) is usual and attributed to
interface states and the series resistance of device[14,1].

2.2. Capacitance -Voltage Characteristics

With the top and bottom metal electrodes, the
parameters of the Schottky diode, including the
depletion layer capacitance (Cy), built-in voltage (V)
and space charge density (Np or N,) can be determined
from a plot of 1/C,, (Cy, is the measured capacitance)
versus d, (d, is measured thickness), at various bias
voltages. In this section we will show our calculations
to determine the built in voltage Vy;, space charge
density Np, series resistance R; and frequency
dependence of dielectric constant ('), dielectric loss
(€") and dielectric tangent (tan3) quantitatively by using

C-V and G/®-V measurements and a detailed
equivalent circuit analysis of BTO structures.
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Figure 3. Measured capacitance(C) and

conductance(G/w) vs. gate bias for AwB,Ti;0,,/Sn0,
at different frequency.

Figures 3(a) and 3(b) shows typical C-V, and G/w-V
curves of the structure whose BTO layer has a thickness
d is 2 pm, at different frequencies (5 kHz -200 kHz).
Additionally, the figures indicate the C-V-f and G/®-V-
f response for the Schoitky diode, showing that the
measured capacitance (C) and conductance (G/w) are
dependent on bias voltage and frequency. The voltage
and frequency dependence is a function of a Schottky
barrier; interface state density and high series resistance
[16]. In Figure 4(b), the series resistance versus
frequency curves show that at high frequency (f > 100
kHz) the series resistance of the diode decreases with
increasing frequency. Figures 4(a) and (b) confirmed
that the series resistance varies with applied bias and
frequency. Here we assumed that Schottky barriers
were formed at the top and bottom interfaces [11,13].
With built in voltage Vi;, a depletion width should
follow a relationship such that
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b4 ' '
2¢,¢
’p = io L — 6
D [qND (Vln V)] ( )

where Np, is the donor density, g is_the relative
permitivity of interfacial layer and «, is the permitivity
of vacuum [1], oo R I R

T *Rs(1 kHz)
o75 @ ©Rs(5 kHz)
© Rs(10 kHz)
. ORs(20 kHz)
575 ¢ A | ARs(50 kHz)
g 525} & 4 Rs(100kHz)
€ 475 |
425 |
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Figure 4. Frequency dependence of series
resistance(Rs) for AwBisTi;0,,/Sn0, structure.

It is known that a capacitance of a Schotiky diode [1]
can be represented by: '

Lz 2(Vbi _V:)

= ™

qgs 6‘aIVD/4 :

where V; represents a drop of an external voltage at the
interface of the capasitor when an external voltage is
applied. The Eq.7 predicts a linear relationship between
(1/C? and V under strong bias conditions. The carrier
doping density (Np) values used in the calculations

were determined from the slope of the linear part plot of

C?vs. V curves (Figure 5).
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Figure, 5. Plot of 1/C* vs V for BTO structure at
frequency of 50 kHz.

In 50 kHz frequency and at room temperature Ny, value
was found in the range of 1,36x10" cm™. The built in
voltages of the BTO structure is cowed and obtained by
fitting the high field with linear lines. From the x-axis
(voltage) intercepts, it was found that V,=1,6 Volt.
Additionally, series resistance can be calculated from
the measured admittance (C-V and G-V) when the
devices are based in a strong accumulation region
according to {17]:

G
R. = L] ®)
562 +(w?c?

where G, and C, represent equivalent parallel
conductance and capacitance in the strong accumulation
(at 6 volt) for the measured device. The series resistance
is calculated ~350 © from the C-V and G-V curves in
the strong accumulation bias. This value is higher than
that of obtained from d(V)/din(I) vs. I plot because I-V
measurement was carried out only under forward bias
conditions.

Additionally ¢, &" and tand were obtained at various
frequencies, as shown in Figure 6. Dielectric constant &'
decreases with increasing frequency above 20 kHz. The
measured small signal €', £" and tand were found to be
170, 309 and 1,8 respectively at 50 kHz. These
observations are comparable to the reported values for
BTO structures {18-22].
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3. RESULTS AND DISCUSSION

A small signal of 40 mV amplitude and 50 kHz
frequency was applied to the bias across the sample
while bias was swung between -7 V and +7V. There
was a decrease in the capacitance at strong bias and this
reduction in the capacitance may be attributed to
increased conductivity at strong dc bias. The dielectric
constant ('), dielectric loss (¢") and dielectric tangent
(tand) at frequency 50 kHz were found to be 170, 309
and 1,8 respectively. Frequency response for dielectric
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= i d
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Figure 6. Dielectric constant, loss and tangent as a
function of the frequency for AwBi;Ti;0,2/SnO;

propertics, C-V and G/@-V of AwBTi;04/Sn0O,
structures were measured in the frequency range of 1
kHz-5 MHz. While dielectric constant(e") and dielectric
loss (€") decrease with increasing frequency, in the 10
kHz-5MHZ frequency range, show a minimum at about
5 kHz. The ideality factor n and series resistance R
were found at room temperatire to be 1,5 and 1030 Q
respectively in forward bias I-V  measurement.
Additionally series resistance R; was found to be 350Q
from the measured conductance in the strong
accumulation region. The higher value of the ideality
factor n and the dielectric constant (¢') may be
attributed to a structural disorder of the structure, and
also indicates the thickness of the structure layer and
surface charge density. C-V-f and Gl/o-V-f
measurements confirmed that the measured capacitance
C and conductance G strongly depend on applied bias
voltage and frequency. This dependence is due to the
presence of Schottky barrier, doping concentration (N
or Np), density of interface states (D;) and series
resistance (R;). These observations are comparable to
the reported values for BTO structures.
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