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An exact and an approximate solution for the current-voltage characteristics of the hot-carrier
single-injection solid-state diodes with a single set of traps lying well below the thermal-equilibrium
Fermi level (operating in the insulator regime) have been calculated. In addition, the low frequency and
thermal noise are calculated at different critical currents. The approximate solution is calculated with
the help of the regional approximation. An expression for the critical currents and voltages shows that
there is a large change in current occuring over a restricted change in voltage. It appears from the
study of the electrical-noise behavior that there is a noise-suppression effect at higher currents.

I. INTRODUCTION

In this paper a study has been made of the elec-
tron-conduction and electrical-noise behavior of a
hot-carrier single-injection solid-state diode with
a single set of traps lying below the Fermi level.

A similar approach to the various types of diodes
has been presented by Sharma.! The expression
for the low-frequency and thermal noise in a low
electric field (mobility independent of field strength)
operating in an insulator regime has been calculated
by Sharma? and Sharma and Srivastava, * respec-
tively, based on the method given by van der Ziel b3

The method of regional approximation®!* is used
to calculate the current-voltage characteristics.
This method was first used by Lampert'® (Lampert
and Schilling® for insulator problems). Shockley
and Prim!* discussed the space-charge limited-
current punch-through problem for semiconductors.
The corrections to the current-voltage characteris-
tic produced by inclusion of the diffusion current in
the problem has been studied by Lampert and Edel-
man!® with the aid of a high-speed digital computer.
These corrections are of practical interest in that
they establish the magnitude of error in the deter-
mination of trap density.

van der Ziel* and Sergiescu'® have given an alter-
nate theory of noise in space-charge-limited solid-
state diodes, which gives a smaller value for the
noise than do Webb and Wright.'” The experimen-
tal results'®!® are in agreement with Klaassen®® and
van der Ziel,® but not with van der Ziel’s earlier
paper.*? Sergiescu and Friedman®! gave a computed
solution in a semiconductor based on the pattern
given by Van Vliet and Fassett.?? Noise in single-
injection solid-state diodes operating in the hot-
carrier regime is calculated by Gisolf and Zijlstra®
and Sharma.! In their paper, Gisolf and Zijlstra®
have shown that the field-dependent mobility can
be applicable throughout the diode. The expression
for high-field mobility is

1(E) = po(E/E(x))2, (1)
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where L, is the low electric-field mobility, E, is
the critical electric field defined in Ref. 9, and
E(x) is the electric field at distance x. We have
used Eq. (1) in all sections of our paper.

In Secs. II and III the exact and an approximate
solution are calculated. In Sec. IV we calculated
the low-frequency noise at different critical cur-
rents and noted that the mobility is fluctuating with
the fluctuation of the electric field. In Sec. V the
thermal noise at different critical currents is cal-
culated. In Sec. VI the validity of the approxima-
tion is discussed.

II. EXACT ANALYTIC SOLUTION

The equations defining the current density and
Poisson’s law in the insulator with traps lying be-
low the Fermi level are

J=epy(E) P nE(x)]['7, (2)
subject to the boundary condition,
E(0)=0 (3)

and

d
(.Z)ﬁ =(n=No)+(Pr,0-P¢)

=<n—g—‘nﬂ)+(~§% —N0>. (4)

In Eq. (4), we have used the deep-trap relation
from Refs. 6 and 10. To calculate the current-
voltage characteristics the following dimensionless
variables are used:

No _Neepuo VEL(E(x))

“= n(x) "~ J

_eaN alo(B) M x (5)
T

p = ENGUV(NE,
T €JPE(x) ’

Equation (4) and the dimensionless variable u gives

w

3273



3274
€ \dE (1
(e—N—o)a—(E —Bu)+(B—1), (8)
where
B=N¢N/gN3=pg,o/No- (7

By using dimensionless variables (5) and Eq. (2),
Eq. (6) can be written

udw + wdu = (212du) /(1 - Bi? + (B = 1)u], (8)
giving the solution

uw = —E<u
=3B +

(2B —1)1In(Bu + 1)
B(1+B)

(B -2)In(u - 1))
B+1 ’

(9)
which satisfys the usual boundary condition [Eq.
(3)] w=0at u=0. Inthe dimensionless notation the
voltage integral is

v= ?1 j:uz(udw+wdu)
2 u utdu
=<'W)j; “Z-[(B-1)/Blu-1/B * (10)

The voltage integral (10) can be obtained from Eqs.
(2), (5), and (8). Making partial fractions [Eq.
(10)] and integration gives

ye _Bz {u3 (B - 1)

(B2 -B+1)u
Bz

3 2B®

(B;;Ef:;))[ln(Bﬁ_ ] ) +B%In(u - 1)]}- (11)

In terms of dimensionless variables, the current
density J and the voltage V can be written

+

+

J2=e3N39u2QEcL 1 V=eNQL2 vy (12)
€ UW, € ;f'i

In Eq. (12) the subscript a corresponds to x=L in
Eq. (5). Equation (12) gives the current-voltage
characteristics for space-charge-limited hot-car-
rier injection into an insulator with traps lying
below the Fermi level.

IIIl. REGIONAL APPROXIMATION

We obtain a solution to this problem with the help
of the method of regional approximation. The
method of calculation is the same as with low field-
mobility cases. To calculate an accurate approxi-
mation the insulator is divided into three regions.
In the insulator, the injected free-carrier concen-
tration »; is a decreasing function of x. At not-
too-high currents there will be a transition plane
%5(J) where the concentration of injected carriers
(n;) is equal to the thermally generated free car-
rier (Ny). To the right of plane x,, where N, >n;
we neglect n;; to the left of plane, where n; >N, we
neglect N,. Thus the plane x,(J) separates the in-
sulator in space-charge and Ohmic regions. Simi-
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larly in low-field-mobility cases the space-charge
region can be separated into two regions, due to
the additional term (p,,,-p,) in Poisson’s equation
(4). Thus there will be a plane x;, where n;(x,)
=n(x,)=p4,o. To the left of plane x;, n>p, ; and
D, 1s neglected; to the right of plane x;, up to
plane x,, where p, o —p,; >n —N,, n-N, as well as
b, can be neglected. The current density and
Poisson’s equation in different regions follow.

Region I. (0<x<x,),
J=ep n(x)(E )2 [E(x)]'2, (13)
<y dE _
e dx —71, (14)
n(x,)=py0. (15)
Region II. (%, < x<x,),
J=epgn(x)(E ) PE(x)]'7?, (16)
€& dE _
e dx _pt,()y (17)
n(x,)=Ng. (18)
Region III. (x,<x<L),
J:epONo(Ec)l/a[E(x)]llzv (19)
€€ dE _
> dx =0. (20)

In addition to Eq. (3), the boundary conditions of
the problem are the electric-field continuity equa-
tions

E(x]) =E(x]), E(x3)=E(x3). (21)

In terms of dimensionless variables (5), the Poisson
equations in regions I, II, and III become

Region I

d(uw) = 212 du, (22)
Region II:

d(uw) = (2u/B) du,, (23)
Region III:

du

T (24)

From Egs. (5), (15), and (18), the transition planes
x,(w,) and x,(w,) correspond to

uy=u(w,)=1/B, u,=u(w,)=1. (25)
Integrating Eq. (22) gives
Region I:
w=3%1 (26)

satisfying the boundary condition =0 at w=0.
Equations (25) and (26) give

w,=2/3B%. 27
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The integral of Eq. (23) is, using Egs. (25) and
(27,

w=(1/B)u+5/3B%. (28)
From Egs. (25) and (28), we derive
wy,=1/B+5/3B%, (29)
The integral of Eq. (24) is
Region III:
U=uy=1, (30)

which satisfys the boundary condition (21).
From Eqgs. (5), (27), and (30) we obtain

_ 2eJ? ORI

T3B%’N3uZE,’ "? BeNJuSE, ”

%y (31)
Corresponding to the transition planes x, and x,,
there are critical currents of J ,, J 2, respec-
tively, defined by x,(J,, ;) =L and xy(J,2)=L. Then
from (31) we derive

72 _BeNGWIE L 72 _3B%°NJuiE.L
ery 1 € ’ cr,2 2¢ .

There are three separate regions in the curren(ta—z)
voltage characteristics,

I< Ty (Ohm’s law regime),
I, 1 SIS Jy,» (trap-filled limited regime),
or,2<d (trap-free square-law regime).

The potentials in the separate regions-are
Region I

ofw
ol

v=tuw=5ud. (33)

Using Eq. (25) we derive

vy =v(w,)=2/5B3, (34)

Region II:

v=vl+%—f f W (udw +wdu) . (35)
ul WI

From Eqgs. (28) and (35), we derive

v=0v 1["(_2_34_3_+5u2)du
B AN I

2 ¥ S5« 19 1

=~55°*25 *9F 18 B2 " (36)
Equations (36) and (25) give
1 5 2 19
v2=2(%2) =35 *35% *55° ~1eB° - 37

Eegion III:

1 10 2 19
b-02+(w—w2)_w—2?_9_35+575_——§183 . (38)

For full applied voltage, w=w,, we derive

3275
.1 10 2 19 (39)
Ya=Wa=55 ~9B% *5B° T18B°

For J<J, ;, the dimensionless current-voltage re-
lationship is

”a_J__l(l 10 2 19)(1)
w " w, B\2 9B 5B "18BY/\uf

1 1/1V¥

S, T 2_B<w_> : (40)
When J<J , all regions (I, I, and III) are present
in the insulator. The contribution of regionI is
negligibly small, since x,(J)/x,(J)~1/2B< 1 [Eq.
(31)]. The left-hand boundary of region II becomes
w=0, and with the current-voltage characteristics
at J<J 4,

vo/w}™> 1/w, - (1/2B) (1/w,)* . (41)

For a trap-filled limited regime the dimensionless
current-voltage relation is

v, B _10(1

"2 9B <w> (42)
In a trap-free square-law regime only region I is
present in the insulator.

The Ohm’s-law regime terminates in a trap-
filled limited regime at J=J ; [from Eqgs. (29) and
(39) Vg cr,y = 1/2B] and at J=J,, , [from Eq. (34)
Vayor,2 = 2/5B%]. Using dimensionless variables (5)
for these values, the critical voltages correspond-
ing to critical currents are
_BeNyL® ep,,L?

ey 2¢ 2¢

_9BeN,L?

v R T

(43)

The ratios of critical voltages and currents are

Jir,z /Jir,l = %B ’ Vcr,a/Vcr,l =§' . (44)

Equation (44) shows that there is a large change in
current occurring over a restricted change in
voltage.

IV. LOW-FREQUENCY NOISE IN THE DIODE

The equation of current flow in a single -injection
diode with a single set of traps lying below the
Fermi level operating in the hot-carrier regime is

J=qu(E) E(x)n(x), (45)

where p(E) is given in Eq. (1). According to re-
gional approximation, the Poisson equation in the
space-charge region of the diode is

% L. (46)

The small-signal equations can be obtained by let-
ting

E=E,+AE, n=ny+An, J=Jy+Ad, p=po+Apu .

(47
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Equations (45) and (47) give as
AJ=q[nEAu(E) + w(E){nAE + Eqan}]. (48) Sy (x)(f) = 4k TR, = (3¢x3/5¢)* S, (f), (58)

In the above equation the mobility is also a fluctuat-
ing quantity. From Eq. (1), we derive

Au(E)=(-z)u(E)AE/E . (49)

The study of noise is made by open circuiting the
output of the diode. The low-frequency noise in the
open-circuited diode is caused by carrier-density
fluctuations in the potential minimum and calculat-
ing the voltage fluctuation (AV) caused by a fluctua-
tion 67, in the carrier density n,. Assuming the
cathode to be an injecting contact with a relatively
small barrier and the anode as a blocking contact
with a relatively large barrier, the carrier density
at the anode is seen to be practically zero at all
times, i.e., AJ=0.

Letting AJ=0 and Az =~dn,, and using Eqs. (46)
(49), and (48) gives,

€dE

Eyon, - 2q dx

AE(x)=0. (50)

Integrating Eq. (50) gives

V(x)0ny +(€/2q) E(x)AE = o, (51)
since
J Egdx=-V(x).

In the above equation, « is an integration constant.

At the potential minimum E(x)=0 and V(x)=0, a =0.

The value of the fluctuating electric field is
AE(x)=(-2q/€) [V(x)/E(x)]on, . (52)

Using the boundary condition (3) and Egs. (1), (45),
and (46) gives the differential equation

J

[E(x)]'7 dx TR AR (53)
Following integration, we derive

E(x)=[3J/2€po(E) IR 521 (54)
and

V(%) =5 [3J/2€pq(E.) 2P/ x373. (55)

Substituting Eqs. (54) and (55) into Eq. (52) we de-
rive
E(x)=(6gx/5€)dn,. (56)

The fluctuation in voltage at distance x, can be ob-
tained by integrating Eq. (56),

5 X2 2
AV(xQ:Git_’(ﬂ1 f xdx:sgzz dny, (57)
o

where x, is the transition plane separating the
space-charge region and the Ohmic region.

The Fourier analysis of Eq. (57) gives the spec-
tral intensity of voltage fluctuations at distance x,

where R, is the noise resistance of the space-
charge region and S, (f) is the spectral intensity of
the carrier-density fluctuations in the potential
minimum,

The value of the spectral intensity of the carrier
fluctuations can be given (from Ref. 23) as

Sy ) =270y, (59)

where 7, follows a Poisson distribution. Equation
(59) is obtained by applying Carson’s theorem
(Ref. 23). If, in a diode, each particle carries a
charge g then the Poisson average is given by

ny=1,/q =Ad/q . (60)
Substituting the value obtained in (59) into (58),
we derive the value of the noise resistance (when
the current is less than the J ;) as
R"=(3qx§)z 27, ( 3eJ* )2 7y ’
5¢ ) 4kT \5B’¢°NSusE:) 2kT
where the value of x, is obtained from Eq. (31) and
7, [from Eq. (60)] corresponds to I,=Ad.

(61)

A. Low-frequency noise at first critical current (J =J¢, ;)

There is a trap-filled limited regime in the diode
at the first critical current condition. The value
of the first critical electric field is given [from
Eq. (54)] as

%=L, Ecr 1= _[3 r,1/2€V-o(E )1/2]2/3 L?3, (62)

In Eq. (52), substituting the values of E.,, and
Ver,1 [from Egs. (62) and (43), respectlvely] we
get the value of the fluctuating first critical field as

BqZNoLZ ziuo(E )1/2 2/36
er,1° €2 3LJ Mer, 1

ery 1

AE

(83)

Making a Fourier analysis of Eq. (63), the first
critical resistance (R,) is as follows:

B*¢*NZL* <2< Bo(EQ)'? )4/3

Ri=—a 38LJ,,,

—erp 1

where 7%, , follows from Eq. (60) for #,=%,,, and
I=dy 1.

B. Low-frequency noise at second critical current (J =J ¢ 5)

For J=J ,, only regionI is present in the in-
sulator. The second critical electric field is

Eqr,s = —[300,0/2€ uo(BYVERA 125 (65)
The fluctuating electric field (E,,,) is
AE . ,=(9Bg’Ny L?/5€*)[2€ uo(E, ) 2/3LJ, , |27 bny ,
(66)

where the values of V. , and E , are substituted
into Eq. (56) from Eqgs. (43) and (65).



10 NOISE OF HOT CARRIERS IN SINGLE-INJECTION. ..

Following the integration of Eq. (68) (within the
limits of 0 to L) and making a Fourier analysis, we
get the noise resistance,

81B%¢*N3L* (2€uo(E,)' )4/3 Tery2
Re=—5e \ 3LJ,,; (67)

2kT °
The ratio of the noise resistance of a trap-filled
limited regime and a trap-free square-law regime
is

R__a = Q(Jcr. 1 )4 ” ?cr, 1 —f—cr, 1_ Jgr; 1 (68)
Rl 25 Jcr,z "cr,z ’ ”cr.z Jcr,z ’

where the first relation follows from Eq. (64) and
(67) and the second corresponds to Eq. (60) for
different critical currents. From Eqs. (44) and
(68), we derive

B 8L ) 3 (2 )" )
R, "25\J,,/ "25B\3B) -

The low-frequency noise is much reduced in a trap-
free square-law regime as compared with a trap-
filled limited regime.

The results here obtained are based upon fluctua-
tions in the carrier density at the potential mini-
mum. Though this noise mechanism is always
present, it is usually masked by the thermal noise
mechanism discussed in Sec. V.

V. THERMAL NOISE IN THE DIODE

If the diode is open circuited for ac signals, then
in the frequency interval A f the thermal noise can
be represented by a current generator (:2)'/ in
parallel with the diode,

i2=4kTR,.A fg?=)  4kTARAfg?, (70)

where AR is the resistance of secion Ax and a
summation is carried out over all sections Ax.

In the space-charge limited single-injection hot-
carrier current flow the electric-field strength is
given by Eq. (54). The concentration of the hot
carriers in a space-charge region can be obtained
from Eqs. (46) and (54),

n=(2€/3q)[31,/2€uy(E) PAR x~15 (71)

According to van der Ziel®?! the noise resistance
(AR) of a section Ax is

AR < Ax _( 3 )2/3 x2Ax
T Qo nALE JE(X)]E T \21(E ) #A€ 7

(72)

A. Thermal noise when current is less than the critical value
W <Jer,1)

Since the current is less than the first critical
value, all regions are present in the insulator.
Integration of Eq. (72) (within the limits 0 to x,)
gives the noise resistance (R"x) in the space-charge
region of the diode as

3277

3 283x31  V(x,)
Ru-Lor=(grgymme) sm -

where V(x,) is the voltage corresponding to x=x, in
Eq. (55). The differential conductance (g) for this
region is
_d, 31,
E2avin) “2v(x)"

From Eq. (73) and (74), we derive
R, =3/2g. (75)

To calculate the noise resistance (R,,z) of region
ITII, the value of the thermally generated electron
(Ny) is substituted (instead of ») in Eq. (72) and
we derive

(74)

Ax 1

AR = =
qioNo A[E/E(X)'Z ™ quo(E.) PN, A

X(——753J )1/3 x1Bax (78)
2€ ug(E,)! )

The noise resistance (an) of region III can be ob-
tained by the integration of Eq. (76) (within the
limits x, to L)

R - 3 ( 3J )m(L4/3_x4/a)
"2 4qp.0(Ec)1/2N0A ZEuO(Ec)Hz 2 (77)

We represent the noise in a frequency interval A f
by a current generator Vi% in parallel with the

diode,

i2=4kTR,.Af g%, (78)
where

Ry =R, +R,, . (79)

Equation (78) gives the estimate of thermal noise
in a hot-carrier single -injection diode with traps
lying below the Fermi level when current is less
than the critical value.

B. Thermal noise at first critical current (J =J ;)

For J=J, , the trap-filled limited regime is
present in the insulator. The noise resistance
(R, ) is obtained by integrating Eq. (72) (within
the limits 0 to L),

3 2A3LE
(80)
where the value of V. , corresponds to x =L and
I,=I, ,in Eq. (55).
The critical differential conductance (gcx.' 1) of the
diode is

dl 31,
— —€rpl _ Tleryd
gcr, 1 chr, 1 N 2Vcr, 1 ’ (81)

From Eqgs. (80) and (81), we derive
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3

Rcr, 1= chr—,l .

(82)

If the noise at the first critical current is repre-
sented by a current generator Viﬁm in parallel with
the diode, then

iir,l=4kTRcr. 1Afgir,l=6kTAfgcr,1 . (83)

In the above equation the value of R , is obtained
from (82). Equations (32), (43), and (81) give

8er,1=3Apo(eqNo E,/BL%)'~ (84)
C. Thermal noise at the second critical current (J =J¢ )

Only region I is in the insulator.
fect trap-free insulator region.
tance (R,,) is

3 233153 v,
= AR = = —Cn2
R L R=(g7ewe) 311
(85)

cry,2
The second critical conductance (gc,’a) of the diode
is

This is a per-
The noise resis-

dl 3I
-2 _ TTery2
gcr,z chr,z 2Vcr,2 ) (86)
Equations (85) and (86) give
3
=, 87
cry 2 chr,z ( )

The estimate of the thermal noise in a hot-carrier
injection diode under the second critical conditionis

iir,z = 4kTRcr,2Afg§r.2 = GkTAfgcr,z ’ (88)
where
gﬂ,2=5Auo(€qN°Ec/6L3)“3, (89)

The value of g , is obtained by substituting the
values V. » and [, , from Eqs. (32) and (43), re-
spectively, into (86). The ratio of thermal-noise
resistances is

Rcr,2 - Vgnz lcryl =g<i>llz (90)
Rcr,l Vcr,llcr,z 5\3B

Equations (73), (80), (85), and (90) show that the
open-circuited thermal noise emf corresponds to

SHARMA 10

the dc resistance (V,/I,) and the equivalent noise
resistance (R,) of the device equals to (V,/I,), which
is the statement given in Ref. 25 for the low-field
mobility in the case of the space-charge-limited
diode. The ratio of conductances at different crit-
ical currents is

gcr,z/gcr,!.:%-(%-B)l/z . (91)

The differential conductance of the diode is greater
at low currents and decreases very rapidly as the
trap-filled limited regime merges into the trap-
free insulated regime. This is due to the fact that
all the traps are filled at trap-filled limited voltage
followed by a very steep current rise.

VI. DISCUSSION

This paper shows that for a high-field-injection
regime the change in current in relation to voltage
[Eq. (44)] is not so large as in the low field-mobility
case. In the low field-injection case the ratios of
critical currents to voltages are

Jcr,z/Jcr,1=ZB=2pt.0/N0’ Vcr,z/Vcr,1='g'- (92)

The rapid increase in current in relation to voltage
is due to the fact that at a higher voltage all the
traps are filled with electrons, the insulator be-
haves just like a trap-free regime, and all the in-
jected space charges contribute to the current; the
traps no longer affect the current flow. The rea-
sons for the approximation made in Sec. III are
similar to those of the low field-mobility case® ® 10
and high-mobility injection case.®! The study of
space-charge-limited current behavior is made in
Refs. 26-29.

In Secs. IV and V there is a reduction in resis-
tances at higher voltages because the current is in-
versely proportional to the noise resistance and the
value of the current increases very steeply with
restricted increase in voltage. As voltage in-
creases the value of transit time decreases and re-
duces the fluctuation in current. With an increase
in current, the Ohm’s-law regime (J<J, ,) is
merged into trap-filled limited regime (J.,;<J
<J,2). Finally in a trap-free regime (J>J,, ) the
noise will decrease rapidly.
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