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Effects of the epitaxial layer thickness on the noise properties
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An analytical theory to describe the combined effects of the epitaxial layer thickness and the ohmic
contact on the noise properties of Schottky barrier diodes is presented. The theory, which provides
information on both the local and the global noise properties, takes into account the finite size of the
epitaxial layer and the effects of the back ohmic contact, and applies to the whole range of applied
bias. It is shown that by scaling down the epitaxial layer thickness, the current regime in which the
noise temperature displays a shot-noise-like behavior increases at the cost of reducing the current
range in which the thermal-noise-like behavior dominates. This improvement in noise temperature
is limited by the effects of the ohmic contact, which appear for large currents. The theory is
formulated on general trends, allowing its application to the noise analysis of other semiconductor
devices operating under strongly inhomogeneous distributions of the electric field and charge
concentrations. ©1999 American Institute of Physids$s0021-8979)04714-3

I. INTRODUCTION sistances loses its meaning, since the depletion layer extends
Schottky barrier diodes are beina extensively used inover all the diode. In such a case, the combined effect of the
y 9 y diode size and the nonideality of the back ohmic contact may

different applications such as mixers and detectors, due tB ) X
) : . . ecome relevant, and the phenomenological theories may not
their good high frequency behavibin recent years, for in- ply

stance, THz Schottky barrier diodes have been the subject &P R " d d wiical self istent
considerable attentioh® Currently, the important point is ecently, a more advanced analylical Sell-consisten
treatment has been proposed for the noise analysis of a

how to improve their realization and technology to obtain . 4 ! N
still better results at higher frequencies. To this respect>Chotky diode'* Despite of its simplicity(it is based on the

much effort has been devoted to reduce the diode thicknesdrift-diffusion treatment of the carrier transpprthe method
thereby reducing the parasitic resistance loses in the bulle able to provide, not only the net noise parameters, such as
region maintaining sufficient nonlinearity characteristics forN0ise temperature, voltage and current noise spectral densi-
applications: An important problem, in this respect, is to ti€s, but also thdocal noise distributions. That is, the con-
understand the role p|ayed by the epitaxia| |ayer thicknesgibution of different parts of the diode to the net noise is
and ohmic contacts on the performance of these devices. F@ptained in an analytical form in terms of the steady-state
thin epitaxial layers, to approach this problem, one needs télectric-field profiles. Such an approach allowed one to con-
solve the equations for the transport and for the fluctuations;lude that the cross correlations between the two main noise
with appropriate boundary conditions on both ends of thesources: the shot-noise and the thermal-noise one, is also
diode. With respect to transport properties this study hagmportant at around flatband bias conditions, the typical op-
been already performéd. However, with respect to the eration conditions of THz Schottky diod&3.It should be
noise properties the equivalent analysis is still lacking in thenoted, that the Monte Carlo procedure, as an alternative pos-
current literature. The aim of this article is to address thissibility to investigate the transport and noise properties of
issue. Schottky barrier diodes, meets difficulties of poor statistics
The existing noise models are usually based on the pheof carriers in the depletion layé?,a problem which does not
nomenological equivalent circuit approatihese models appear in the drift-diffusion framework.
consider the existence of two main noise sources: a shot- |n all the models mentioned above, however, the ohmic
noise source associated with the junction resistance and gontact was assumed to be completely perfect, that is non-
thermal-noise source associated with the series resistafce. disturbing the local electric field and charge concentrations.
Sometimes, to explain some of the excess noise observe this article, based upon the thermionic-emission—diffusion
experimentally, other noise sources due to hot EIGCtronS, ir]"ramework:,I-4 we perform an ana|y'[ica| ana|ysis of the noise
tervalley scattering, trapping, etc., are introduced in the samgroperties of Schottky barrier diodes when their epi-layer
phenomenological SC_h_e'"_ﬁéQ’ﬂ'ls However, for very thin  thickness. is scaled down to submicron scdle<Lp , with
epitaxial layers, the division between series and junction rér , being the Debye screening lengtiBy making use of
appropriate boundary conditions for both ends of the epitax-
dElectronic mail: gomila@axpmat.unile.it ial layer, we study the combined effects of the epitaxial layer
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thickness and the back ohmic contact on the noise properties dE
in the whole range of applied bias. It is worth noting that the 53
present study requires the development of a more advanced
mathematical treatment than that presented previously iwhereurL is the recombination velocity of the ohmic contact
Ref. 1_4. In fact, th_ls new treatm_ent in |tself, offers. new per-gng ned= Nce—qu'B/kBT its quasiequilibrium electron density,
spectives concerning the analytical analysis of noise in otheyi, ¢t being the barrier height for the metal—

semiconductor devices. o semiconductor ohmic contact. The main difference between
The organization of the article is as follows. In Sec. Il, he two contacts relies in the values of the barrier height.
we briefly review the basic equations for the description ofyyhile for the rectifying contact it is Iargeqﬂ(gz 155 T/q)
transport and fluctuations in the thermionic-emission—,. ohmic contact. it is relatively Smal|¢('5510kBT/q). As
diffusion approach. In Sec. Ill, the steady-state spatial prog reqylt, the contact resistance, which depends exponentially

files for the elelct.ric field and cgrrier dens_ity, as well as they, the barrier height, is very large for a rectifying contact
| —V characteristics, are numerically obtained. In Sec. IVA,%nd relatively small for an ohmic contact.

we present analytical expressions for the impedance an
noise characteristics. Their local counterparts, the impedance

field and the local noise distributions, are also presented. In _

Sec. IV B, we evaluate the derived analytical expressions foB- Fluctuations

different diode thicknesses and different current operation  According to the thermionic-emission—diffusion model

regimes. In particular, we focus on the role played by theor the fluctuations introduced in Ref. 14, the noise proper-
epitaxial layer thickness and ohmic contact on the noisgjes of the system can be analyzed from the fluctuations of
properties. Finally, in Sec. V, we sum up the main contribune electric field. In the Langevin approach, the fluctuations
tions of the article, whereas the appendixes are devoted ¥ the electric fieldSE, at a slicex satisfy the linearized

q I )
=—| Np—nf9+ ——|, 3)
x=L E( P - qU:-_A

some mathematical derivations. version of Eq.(1) with a source noise term for the current
Sy,
d?SE, dSEy Sl
Il. THERMIONIC EMISSION-DIFFUSION THEORY: Tkl P(E) ix TQE)SE=— o=, (4)
TRANSPORT AND FLUCTUATIONS X X €AD(E)
4

A. Charge transport where!

We are interested in modelling the low-frequency pla- P(E)= v(E) 5)
teau of the noise spectrum corresponding to the time scale D(E)’
much longer than the dielectric relaxation time. Due to the , ) ,
frequency range chosen, the displacement current can be ne- Q(E)= D'(E) d_E v'(E) d_E_ a ) (6)
glected. In the drift-diffusion approximation, combining the D(E) dx*  D(E)\dx € °

current and Poisson equations, the electric transport is go

YHere, 51, represents the stochastic current induced by the
erned by*1® 1 Ol TEp y

random scattering of carriers inside the semiconductor. It has

d’E dE ¢ I zero mean andd&type correlation function(8l,81,)
D(E)WM(E)(&—— D)——a, (1) =AK(X)Afs(x—x"), with’
— 2
whereE=E(x) is the electric field] the electric currentg K(x)=49"n(x)D(x), @)

the electron chargee the dielectric permittivity, A the  andAf being the frequency bandwidth. Furthermore, at the
sample cross-sectional areldp the doping densityD(E)  rectifying metal-semiconductor interface the fluctuations
the diffusion coefficient, and(E) the electron velocity. satisfy the linearized version of Ed2) with a surface

Furthermore, the boundary condition at the metal—{angevin-like termdl,. Explicitly,
semiconductor rectifying contact locatedxat 0 reads’

dE

dx

QOB _ ., _ 9o .
), (2) dx o o EU?A.

—n%9—

q I

G ( No™ Mo gu0a

Here, 61, describes the random nature of the thermionic
wherev; is the recombination velocity of the contact and emission of carriers across the metal—semiconductor inter-
ng9=N.e 94keT the quasiequilibrium electron density, face. It has zero mean and the dispersiorg)=SPAf with
with N, being the semiconductor effective density of states S/ given by
kg the Boltzman_n con‘_stanT, the lattice temperature, amﬁﬁ S|°=2q[l Y 8]: 9)
the contact barrier height.

On the opposite side of the epitaxial layer, an ohmicandI®=qgnS%?°A.

contact is implemented. In the present article, we will as- At the metal-semiconductor ohmic contact, there is also,
sume an ohmic metal-semiconductor contact, although othén principle, a source of noise of the same nature as the one
contacts can be equally studied. For a metal-semiconductexisting at the rectifying contact. Therefore, at this contact
ohmic contact, a similar equation to EQ) applies, the fluctuations should satisfy

x=0

x=0
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dsE, Sl 1
= r_ - 1 10
dx | OB, evtA’ (10
=t ' 10™
where 61, describes the random nature of the thermionic
emission of carriers across the ohmic contact. Its correlation - 107
function satisfieg 512)=SFAf, with .
10
St=2q[—1+21%] (11)
107

and I5=qnf%"-A. Notice the difference in signs between
Egs.(8) and(10), and between Eq$9) and(11) because of
the opposite current injection at the two contacts.
Equations(4)—(11) constitute a complete set of equa-
tions to analyze the noise properties of Schottky barrier di-
odes in the thermionic-emission—diffusion approximation.

Ill. STEADY-STATE SPATIAL PROFILES AND /—-V
PLOTS

As it was shown in previous papefs:® the local and
global noise properties of a system are based on the knowl-
edge of the stationary spatial profiles. To find these profiles,
in the present case, we solve numerically ED. with the
boundary conditiong2) and (3) by making use of a finite
difference scheme.

Before presenting the stationary profiles, let us introduce
some characteristic parameters. To this end, we rewrite thg ; |

—V characteristics for Schottky barrier diodes of different lengths

boundary conditions in the following form: (the current is in units of ;=quENpA). The results for.=15L, are
dE gN compared with those obtained by using flat boundary conditions at the back
D tact(triangles.
& :T(l_ao_ﬁ\]), (129 contact(triangles
x=0
dE gNp be obtained for the general case when the velocity and dif-
x|l T Amatpl), (12 fusion coefficients are field dependent. Finally, we shall con-
x=L

sider different epitaxial layer thicknessdsfLp=2, 5, 10,
where ,BZMOEm/v? is the transport paramet&t, aq 15, which allows us to study the transition from lofmi-
=ng¥Np and @, =n{YNp are the contact parameterg,  cron to short(submicron diodes. Note that with the present
=v'(E)|g=o is the low-field mobility,E,=kgT/(qLp) the  datalLp~0.13um.

characteristic electric field, antly=(ekgT/q?Np)*? the Having found from Eqs(1)—(3) the electric-field profile
Debye length. For the sake of simplicity, we have assumed(x) for a given currentJ, the total voltage dropV
vl=vl. A slight difference between the recombination ve- = fSE(x)dx+ #2— ¢5, and hence thé—V characteristics,
locities of the contacts does not introduce appreciable modiean be easily obtained. THe-V characteristics for the dif-
fications in the results. Furthermore, the current is normalferent diode lengths considered, are presented in Fig. 1. For
ized asJ=|I/Ig, with Ig=quENpA. each diode, one can distinguish three different behaviors:

In the following, we takeB=1 assuming that both the an exponential behavior at low voltagés) a linear behav-
thermionic emission and the diffusion of carriers has a comior at intermediate voltages, aiiii ) a saturation behavior at
parable effect on the charge transp@dr a comparison of high voltages. The exponential behavior can be explained in
the different transport regimes whgis varied see Ref. 4  terms of the thermionic-emission—diffusion thedfyThe
Moreover, we assumeo=10 7 and  =10. With these linear portion of thd —V characteristics shows the existence
values, for the rectifying contact we have a “high” barrier of series resistance effects. Finally, the saturation of the char-
(¢>8%26.4 kgT/q~0.68V at room temperatureand a acteristics at high voltages is a consequence of the nonideal-
“deep” depletion layem$9~10 "Ny . While, for the ohmic ity of the ohmic contact, in the present case, a reverse biased
contact, we have a “low” barrie(¢t~7.9 kgT/g~0.2V at metal-semiconductor contact. As is well known, for low bar-
room temperatupe and a small specific resistance, rier heights, the contact behavior is ohmic up to the current
~10 %0 cn?. For the ohmic contact, the saturation currentvalues approaching the contact saturation curﬂéntOther
is JtzaL/ﬁzlo. For simplicity, we shall consider in the types of ohmic contacts present similar limitations. As can
numerical solutions the mobility. and the diffusion coeffi- be seen, the value of the epitaxial layer thickness determines
cient D to be constant, although explicit field dependencesthe range of voltages covered by each regime: as the epitax-
characteristic for the hot carrier transport, may be used withial layer thickness is scaled down, the exponential behavior
out additional difficulties. To be concrete, we tak€E) persists up to higher voltages at the cost of reducing drasti-
=uE, D= ukgT/q. The analytical solutions, however, will cally the range of the linear regime. This is equivalent to say
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boundary conditions at the back ohmic contact was consid-
ered. The same correspondence is observed for the stationary
profiles except for a narrow layer nearby the ohmic contact,
which has no effect on thie-V characteristics. These results
confirm that the simple approach developed in Ref. 14 is
valid to deal with long diodes. The same conclusion will be
taken below for the noise properties.

Finally, we note that when the realistic ohmic contact
(with nonzero barrier heighis considered, the electric field
profile displays a maximum in a certain point inside the di-
ode [Fig. 2@] or an inflexion point{Fig. 2(b)]. It is seen
from Egs.(12), that the maximum appears when the current
is below the so-called flatband current valu¥ =(1
—ag)/B~1 with the present data. The presence of this
maximum makes necessary to modificate the mathematical
treatment of Ref. 14 for the analysis of the noise character-
istics, as it will be discussed below. In the following, two
different current regimes will be considerdd:low currents,

FIG. 2. Stationary electric-field profileB(x) for Schottky diodes of differ-  0<<J<<J*, when the electric-field displays a maximyffig.
ent lengthd, for different currents]. 2(a)], and(ii) high currentsJ>J*, when the electric-field
displays an inflection point witll?’E/dx?=0, or dn/dx=0

that in this intermediate range the slope of theV charac- [Figs. 2b), 3(b)].
teristics increases as the epitaxial layer thickness is de-
creased. That is, the value of the series resistance, which is
proportional to the inverse of the slope of theV curve in V. IMPEDANCE AND NOISE
this regime, is reduced. A. Analytical solution
This behavior can be easily understood by examining the ™
stationary profiles depicted in Figs. 2 and 3. When the epi- To characterize the noise properties of a Schottky diode,
taxial layer thickness is reduced, the portion of the samplave have to solve a second-order stochastic differential Eq.
with constant electric field, which corresponds to a quasineut) with space dependent coefficiefitsis space dependence
tral region, is reduced, up to vanishing completely for thecomes through the space dependence of the electric field
shortest samples. The absence of the quasineutral region fe(x)]. To find the solution, we use a recently developed
sponsible for the series resistance effects explains why thenalytical methotf which has been successfully applied to
| —V characteristics does not manifest its presence at intethe case of ann*n junction® and a Schottky barrier
mediate voltages. contact’* By means of this method, an explicit expression
It is worth mentioning that thé—V characteristics for for the fluctuation of the electric fieldE,, which solves Eq.
the diode of length. = 15L  coincides with the one obtained (4) and satisfies the boundary conditiof® and (10), has
in Ref. 14 (triangles, where a simplified model with flat been derivedsee Appendix A for the detajlsThe fluctua-
tion of the voltage between the contacts can then be com-
puted as a sum of three contributions

E(x)/ E,,

E(x)/E,

0 5 10 15
x/Lp

L
5v:205|0+zL5|L+f VZ(x) 8l dx. (13)
0

The last term in Eq(13) gives the contribution to the voltage
fluctuation from the bulk of the diode. Each local noise con-
tribution is characterized by the bulk impedance field
VZ(x). Moreover,Z, andZ, are the impedances of the rec-
tifying and back ohmic contacts, respectively. They are

o 10" | ] given by (compare with Eq(A5) in Appendix A
2 4 3
2 Lk 7 _EomEa Z _EBEs (14)
= " ewlApy T ewtAp
107 ; - wherepg, =Eg, . The expressions fov Z(x), as well as for
0 5 10 15 ' ’ i i i
YL the parameteE, entered in Eq(14), have been derived in
D

Appendix A in a general form. Below, we present them in a
FIG. 3. Stationary electron-density profilegx) for Schottky diodes of ~fOrm more suitable for compu.tatl_ons, Wh_|Ch take into ac-
different lengthsL, for different currentsJ. count the features of the electric-field profileéx). As was
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pointed out in Sec. Ill, according to the value of the current,

G. Gomila and O. M. Bulashenko

In the previous expression&, stands for the impedance of

two different steady-state transport regimes may be distinthe bulk part of the diode. Moreove,,, Sy, and Sy,

guished.
(i) Low currents 0<J<J*. This current regime is char-

refer to the contribution to the voltage fluctuations coming
from the rectifying contact, the ohmic contact, and the diode

acterized by the presence of a depletion layer near the rectibulk, respectively. Finally, the noise temperature takes on the
fying contact, and a relatively small accumulation layer nearform

the back ohmic conta¢Fig. 3(a)]. Accordingly, the electric

field displays a maximum in a certain point inside the diode
[Fig. 2@)]. For this case, the following expressions should be

used

Qs
G

W(¢)
p'(€)

p(X) [

H(x) Jo
N W(X)
p' (X)(x)
p'(x)

{ E(x)Q(x)
14—
p'(X)
JLQ(X)W(X) «
o [p (X)]?

(i) High currents J>J*.

VZ(x)=

J

([EA—E(E)] dé

[E(X)—Eal, (19

L

)

W(X)

EA:

(16)

For this current regime, no

_ 1 SvwotSutSw
C4kg Zot+Z +Zy
Equations(19)—(23) constitute the analytical expressions for
the net impedance and noise characteristics of a Schottky
diode as obtained from the thermionic-emission—diffusion
theory. Furthermore, they also give information about the
spatial distribution of the impedance throughout the device
by means of the impedance fie¥dZ(x) and the local con-
tributions to the voltage fluctuations by virtue of the spatial
profile sy(x) =[VZ(x)]?K(x). These local distributions may
be very useful in interpreting the results as will be seen in
what follows. It is worth noting that in order to compute the
impedance and noise characteristics, we only need to know
the stationary electric field profilE(x).

It is important to see the connection between the pre-
sented formulas for the Schottky dio@eith a realistic con-

Th (23

depletion layer appears, instead, two accumulation layers &deration of a back ohmic contaatith the formulas when

the both contacts are observgelg. 3(b)]. Accordingly, the
electric field displays an inflection point whet@E/dx?=0
[Fig. 2(b)]. For this case, the following expressions are valid:

_ P (X W(¢)
Wy
+—,(E0_EA)}, (17)
PoPo
IL EGOW(X)  EW,  EqW,
o pAX) ppl Popg
Ea= LW(x) W, W, (18)

)

———dx+ -
p=(x) PLAL  POPO

In Egs. (15—(18) we have used the same notations as in

Refs. 14, 16. Namelyp(x)=dE/dX, #(x)=eAD(X)W(x),
and W(x) =W, exp{— [5v[E(§T/D[E(H]dE. The functionQ
in Egs.(15—(16) is determined by Eq.6).

Now we can determine the total impedangeof the
diode

L
Z:ZO+ZL+f VZ(X)dXEZO+ZL+Zb, (19)
0
the spectral density of voltage fluctuations
L
s,=z§s?+zfs,L+f [VZ(x)]?K(x)dx (20)
0
=Svot+SuLt S, (21)
and the spectral density of current fluctuations
+S, +
g = ot St Sve (22
(Zo+ZL+2Zy)

the flat boundary conditions at the back contact are imposed

@

L=15

107
I,
FIG. 4. ImpedanceZ vs currentl for different diode lengthd : (a) L
=15Lp, (b) L=5Lp, and(c) L=2L . The relative contributions from the
contactsZy andZ, , and from the bullZ,, are comparedall impedances are
normalized byRg=Lp /quNpA).

10°
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@

L=15 |

L=2 L=5 L=1 0
(b)

(b) =5
N =
> 10" [

107

x/Lp

FIG. 5. Spatial profiles for the local impedan&&(x) [normalized by
(aquNpA) ~1] for different currents] and diode lengths.

(valid for long diodes with_>L ). In the latter case, due to

the flat conditions ak=L one can takep, —0, E,—E|,

and the electric-field profile does not display neither a maxi- N
mum nor an inflection point* Therefore, one can use any of
the two sets of equations for the impedance field. In particu-
lar, in Ref. 14 we used Eq$17) and (18).

107"

B. Results 107° 107 10’
111,

In this subsection, we shall evaluate the analytical ex-
pressions derived in the previous section. For low currentssig. 6. Voltage fluctuation$, vs currentl for different diode lengths :
when the main current limiting process comes from the@ L=15Lp, (b) L=5Lp, and(c) L=2Ly. The relative contributions
depletion layer, simplified formulas can be used, as shown iffom the contactsS,, and S, , and from the bulkS,,, are comparedall
Appendix B. normalized by &gTLp /quNpA).

In Fig. 4 we present the total impedanges a function
of the current for different diode lengths. We may distin-
guish here clearly the same current regimes as observed eaeduction of the series resistance effects. The high current
lier for the | —V characteristics(i) a low current regime, in regime ends up at the ohmic-contact saturation curdént
which Z decreases with the curreitii,) an intermediate cur- which is independent of the diode size.
rent regime, in whichZ is nearly constant, andii) a high A similar analysis has been performed for the spectral
current regime, in whiclZ increases sharply with the cur- density of voltage fluctuations. The relative significance of
rent. As can be seen in Fig. 4 in the low current regime, thalifferent contributions is shown in Fig. 6 for different diode
main contributions to the impedance comes fiagrandZ,, lengths. As before, one may distinguish three different cur-
in the intermediate current regime frofy, and in the high rent regimesli) at low currents S, decreases with the cur-
current regime fronZ, . The relative importance of the spa- rent and the main contributions are dueSg, andS,,,, (ii)
tial contributions toZ,, also depends on the current regime at intermediate current§,, is almost constant ansl,;, domi-
considered. As shown in Fig. 5, where the impedance fielahates, andiii ) at high currentsS, increases sharply and the
VZ(x) is plotted, for low currents the main contribution to main contribution comes fror8,, . Notice that the ranges of
Z,, comes from the region near the rectifying contact, whilethese three current regimes do not correspond directly to
for intermediate and high currents, it comes basically fromthose found for the impedance and theV characteristics.
the “central” part of the diode. Indeed, in Fig. 6 it can be observed that the bulk contribution

It should be pointed out that the range of currents covio the voltage fluctuations becomes more important at lower
ered by each current regime depends appreciably on the diurrents than the bulk contribution to the impedance in Fig.
ode size. When the epitaxial layer thickness is scaled dowri. This fact can be understood in terms of the existence of
the low current range extends towards higher currents at thepatial crosscorrelations inside the didde.
cost of reducing the intermediate current range. The value of The local contributions to the voltage fluctuatio8g,
the impedance in this intermediate regime then decreaseare shown in Fig. 7 by virtue of the spatial profileg(x)
that can be easily understood in terms of the progressive:[VZ(x)]?’K(X). For low currents, the main contribution
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AL=15, 1cont
-------- L=15

- —-L=10

107 10°
171,

FIG. 9. Noise temperaturg, vs current for different diode lengtht. The
results forL=15L, are compared with those obtained with flat boundary

» “ conditions at the back contafttiangles.
10 0 5 1b 15
x/Lp gime, the noise temperature starts from the lattice tempera-
FIG. 7. Spatial profiles for the local noise distributisg(x) [normalized by ture T,=T, and then drops tow_ards t_ﬁ'dZ value, that is_a
4kg TAT/ uNpA] for different currents) and diode lengths. consequence of theq? law and is typical of the shot-noise

behavior** For intermediate current3,, increases again,
tending to saturate around the ambient temperafunghere

comes from the region near the rectifying contalpletion the diffusion noise of a passive resistor dominates. For the
layen, while at intermediate and high curreng,, receives  shortest samples, this intermediate regime is not displayed,
contributions from the “central” part of the diode and from due to the small value of the series resistance. Finally, in the
the ohmic contact region. high current regimeT, increases sharply when the ohmic-

Having found the total impedanc2 and the voltage contact saturation current is reached. As mentioned before,
noise spectral densit,, the spectral density of current the range covered for each current regime is size dependent.
fluctuationsS, can be computed from E¢R2). The results as Indeed, by reducing the epitaxial layer thickness, the noise
a function of the current for the different diode lengths aretemperature keeps its shot-noise-like behavior up to higher
shown in Fig. 8. At very low currents, is constant, since it currents, leading to the noise reduction. This improvement in
gives the thermal equilibrium noise. Then exhibits @12 noise temperature may be, however, limited by the ohmic
shot-noise-like behavior. These two regimes closely followcontact. This occurs when the current approaches the ohmic-
the lawS,=2ql coth@V/2kgT), which has been discussed in contact saturation current. Then, a further decrease in the
detail in Ref. 14. In the intermediate current regirBpde-  epitaxial layer thickness does not give rise to a further ap-
viates from this law and tends to saturate, due to the presenggeciable improvement in the noise temperature. In a such
of series resistance effects. As the length of the diode isituation, the device performance can only be improved by
scaled down, this saturation progressively disappears. Fimproving the quality of the ohmic contact.
nally, in the high current regim8, increases sharply when
the ohmic contact saturation current is approached. V. CONCLUSIONS

The effective noise temperatufg vs current is depicted

in Fig. 9 for different diode lengths. In the low current re- In the present article, we have presented a theory to de-

scribe the combined effects of the epitaxial layer thickness
and the back ohmic contact on the noise properties of
Schottky barrier diodes. The theory is formulated under the

10° thermionic-emission—diffusion framework and is applicable
Ao deont in the whole range of biases. By means of this theory we
102 | —---L5 have shown that the value of the epitaxial layer thickness has
— L=2

considerable effects on both the current operation regime and
the noise properties of these devices. To this respect, one can
see that when the epitaxial layer thickness is scaled down,
the range of currents in which the shot-noise-like behavior is

107 . ) .
displayed increases at the cost of reducing the current range
& dominated by the bulk thermal-noise-like behavior. For thin
10 107 10° 10° epitaxial layers, this last current range is almost suppressed,

I with the consequent reduction in the noise temperature. This

) ) ) noise reduction is limited, however, by the nonideality of the

FIG. 8. Current-noise spectral densiy vs currentl for different diode back ohmi ntact. Indeed. when th rrent r hes th
lengthsL. The results fol.=15L, are shown to coincide with those ob- ac _0 ¢ contact. . eed, e € current app _oac_ es the

tained with flat boundary conditions at the back contériangles. S, and| ohmic-contact saturation current, a further reduction in the
are normalized by ¢l andlg=quE,NpA, respectively. epi-layer thickness does not give rise to an appreciable re-
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duction in the noise temperature. In such a case, one needs to 1[6Ey  ub (Lp(é) u/
improve the quality of the ohmic contact in order to improve 0B, =1|—~—— w& gdf} — p(X)—u(x)
the device performance. It is worth noting that many of these Po Po 0 P
phenomena might be present in THz Schottky barrier diodes 1 SE| Lu(é) ug
used for mm-wave and sub-mm-wave applications, which tx - —,+J mﬂ d&|| = p(x)—u(x)
are designed with rather thin epitaxial layer and operate at PL 0 Po
intermediate or high currents. xu(é) L p(€)
Finally, it should be pointed out that the theoretical pro- +p(X) Wfﬂ (dE+ U(X)J Wtﬂ g,
cedure presented in this article is not only restricted to the 0 )
study of Schottky barrier diodes, but it can be easily ex- (Ad)

tended to the study of other devices. Our work then OPeNG/hereA = (u;/p;)— (ul/pd), and prime in all the functions

new perspectives on what concerns the noise analysis Qfands for the derivative. EquatiéA4) determines the sto-
semiconductor devices operating under strongly inhomogeshastic value of the electric fieldE, at any slicex from the

neous distributions of the electric field and charge concentraygise sourcessl, and the stochastic boundary conditions

tions. SE{ and SE| . Integrating this equation, one obtains the volt-
age fluctuation as a sum of three contributions
Eo—E, E.—E, L
APPENDIX A: IMPEDANCE FIELD OF A SCHOTTKY V= —5—>8lg+ ———0l + | VZ(x)8l,dx,
DIODE: GENERAL EXPRESSIONS €vrApo evrApL 0

(A5)

where we have introduced the parameter having a dimension
of the electric field

u E.  ugE J‘

The general scheme to solve the stochastic (Bghas
been outlined in Ref. 16. The main idea is to find two lin-
early independent solutions of the correspondimamoge-
neousequation and then to use them to construct the solution 1
of the nonhomogeneouEq. (4) satisfying the appropriate ATAl ol ol

pPL PO
boundary conditions. One of these particular solutions is . . ]
p(x)=dE/dx. The second soluton may be expressedThe first two terms in the rhs of EqQA5) determine the

through the first one, but its form depends on the propertiegnpedances of the rec_tifying and paCk ohmic .cont.acts,
of the functionp (i.e., on the features of the electric-field whereas the last term gives the bulk impedance field in the

L
u(x)dx
0

. (AB)

profile in the system under consideratioli p(x)#0 [E(x)  '0'M
does not display a maximum or a minim{jrone can use the p(X) ug X
following expression for the second functidh: VZ(x)= ) (Eo—Ea) [74' fo u(é)d¢
0
x W(§) u(x)
u(x)=p(x dé. Al — 7
(x)=p( )L[p(g)] 3 (A1) +[E, E(x)]w(x). (A7)
Otherwise, one can use the alternative expression The expressiongA6) and(A7) for E, andVZ(x) are written
in a general form in terms of the auxiliary functiopgandu.
W(X) xQ(&)W(§) By further substituting either EqA1) or (A2) for u(x), one
u(x)=— > X) +p(X) de& (A2)  arrives to Eqs(17) and (18) or Egs.(15) and (16), respec-

tively. Finally, the expressions for the contact impedarfges

under the condition thatr(x);to [E(X) does not dISpIay an andZ,_ in Eq5(14) can be obtained directly from E(}A\5)

inflection poini. The functionQ in the last formula is deter-

mined by Eq.(6). If E(X) displays neither a maximurior &  AppeNDIX B: IMPEDANCE EIELD EOR 0 <J<J*
minimum) nor an inflection point, both expressions fg(x)

are equivalent. The expression for the impedance field for the current
By means of these functions, the general solution of Eqregime corresponding to<0J<J* can be simplified. This is
(4) reads? the situation when the depletion layer dominates the bulk
resistance of the diode. It turns out, that the integral in the
xu(é) rhs of Eq.(15) and the characteristic fiell, are negligibly
SE,=C1p(X)+ Cau(x) +p(X) o H(E) ol dé small (they are of the order of the curredit<1). At equilib-
rium they vanish identically. Therefore, for this current re-
L . .
+u(x)f ﬂﬁl e (A3) gime one can approximate
x Y(§) W(X)E(x) 1
VZ(x)~— ~ : (B1)
The derivatives of the fluctuation of the electric field at the P (X)(X)  quE(X)In(X)A

boundariesSE;, SE| are known from Eqs(8) and (10). where u(E) is the field-dependent mobility of the semicon-
They can be used to eliminate the constais C,, one  ductor. In this equation, the impedance field is just the local
gets (per unit length resistance, as it occurs at equilibrium.
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