Microscopic analysis of electron noise in GaAs Schottky barrier diodes
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A microscopic analysis of current and voltage fluctuations in GaAs Schottky barrier diodes under
forward-bias conditions in the absence of t6ntributions is presented. Calculations are performed

by coupling self-consistently an ensemble Monte Carlo simulator with a one-dimensional Poisson
solver. By using current- and voltage-operation modes the microscopic origin and the spatial
location of the noise sources, respectively, is provided. At different voltages the device exhibits
different types of noiséshot, thermal, and excessvhich are explained as a result of the coupling
between fluctuations in carrier velocity and self-consistent field. The essential role of the field
fluctuations to correctly determine the noise properties in these diodes is demonstrated. The results
obtained for the equivalent noise temperature are found to reproduce the typical behavior of
experimental measurements. An equivalent circuit is proposed to predict and explain the noise
spectra of the device under thermionic emission-based operatiorl99® American Institute of
Physics[S0021-897807)01817-3

I. INTRODUCTION about the properties of the noise sources, and thus gives a
unifying microscopic analysis of the processes responsible
The excellent high-frequency behavior of Schottky bar-for the fluctuations.
rier diodes(SBDS is at the origin of their increasing em- The purpose of this article is to present the results of a
ployment for several applications, such as mixers and detecheoretical study of the noise characteristiosth of current
tors of signals up to frequencies of some hundred gigahertand voltage of GaAs SBDs under forward-bias conditions,
and even terahertzas in the case of heterodyne receivers. thus completing and extending preliminary reports on the
The current-voltage characteristics of these devices haveubject®?! We aim at providing a comprehensive interpre-
been extensively treated in the literatdré,and several nu- tation of the noise spectra in these devices in terms of the
merical models for their simulation have been developéd. microscopic processes responsible of the fluctuations. By in-
Among these some Monte CarldIC) simulations under trinsically incorporating the details of the noise sources and
forward-bias conditions have also been successfullyncluding the self-consistent field fluctuations, the MC tech-
performed® 1 "13However, the quality factor of the SBD ap- nique used in this work offers a reliable test for the physical
plications at these very high frequencies is limited by theirinterpretation of noise performances in SBDs. The typical
noise* Hence, in addition to static characteristics, a detailedransport regimes of SBDs, that is, thermionic emission, se-
characterization of the noise performance in these devices iges resistance, and hot carrier conditions, and the corre-
a mandatory issue. On this ground, the noise temperature gonding noise performances, are naturally reproduced with
one of the most important parameters to be determined. lour approach. In particular, we will prove the essential role
recent years this subject has received special atteftioh.  of the field fluctuations to correctly determine the noise prop-
However, the use of phenomenological approaches makes amties in these devices.
unambiguous identification of the noise sources difficult. ~ The paper is organized as follows: Section Il describes
Therefore, a microscopic interpretation of the processethe physical model used to simulate the SBD. In Sec. Il we
causing the noise remains a major objective. By providing apresent the theoretical basis of the operation modes under
exact solution of the appropriate kinetic equation, the MCwhich the noise in the diodes is analyzed. Section IV is de-
technique, which has already been proven to be a powerfuloted to the presentation and discussion of the results con-
tool for the noise analysis of semiconductor devitks  cerning static characteristics, current noise, voltage noise,
especially appropriate to this scoffe??In the present work noise temperature and small-signal equivalent circuit. Major
we employ an ensemble MC simulator coupled with a oneconclusions are summarized in Sec. V.
dimensional Poisson solvgiPS. The application of this
method avoids anpd hocassumption and/or simplification 1l. PHYSICAL MODEL

Most of the results of this work correspond to a SBD
dElectronic mail:tomasg@rs6000.usal.es modeled as a one-dimensional Gais-n-metal structure as
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Ohmic contact Schottky barrier time step(2.5 or 10 fs depending on the type of calculajion
by employing the one-dimensional PS. The cross-sectional
area adopted for the device in the simulation i$<210°

. cn?, which means an average number of simulated carriers
n n around 7600 depending on the biasing. The simulation is
performed aflf =300 K.
17 -3 16 -3
10" cm 10" cm lll. NOISE CALCULATION: OPERATION MODES
In a one-dimensional uniform structure of lendttwith
0.35 um 0.35 um a single type of carriergelectrons, the total current flowing
>« through any cross-sectioh(t), is given by?®
x=L goe,A d
HO)=l() - —— g AV(LD, (1)

FIG. 1. Schematic drawing of the Schottky barrier diode under study.
wheregg is the free space permittivity;, the relative static
dielectric constant of the materia, the cross-sectional area,

shown schematically in Fig. 1. The* region is 0.35um AV(L,t) the instantaneous v_oltage drop betyveen the termi-
long and its doping is 26 cm 3. Then region is 0.35um nals, andlﬁl(tz the conduction current defined biy.(t)

long and its doping is 6 cm 2. At the right side it is the = —(a/L)=["v;(t), with q the absolute value of the elec-
Schottky barrier with the metal contact acting as a perfectron charge,N(t) the total number of carriers inside the
absorbing boundary, that is, all the carriers reaching thétructure, ana;(t) the instantaneous velocity along the field
metal leave the structure and no carrier is injected from thélirection of theith particle.

metal into the semiconductor. Since the depletion layer ap- Starting from Eq(1), two alternative but complementary
pearing near the Schottky contact changes with the biasin@peration modé§2”are used to analyze the noise properties
the model must account for the variation of the number ofof the SBD:

particles inside the device according to the applied voltage. (i) Current-noise operation, in which the applied voltage
To this end an ohmic contact is simulated at the left side ofS kept constant in time and the current fluctuations are ana-
then™ region. Charge neutrality is ensured at each time stefyzed. In this case from Eq1) we obtainl (t) =1(t). With

in the cell closest to the ohmic contact by injecting carriersthis operation mode we investigate the effect of the coupling
with the appropriate thermal distributidmelocity-weighted — between fluctuations in carrier velocity and self-consistent
hemi-Maxwellian at the lattice temperatufB.?® In this way  electric field. To this end, under stationary conditions we will
the proper carrier dynamics inside the structure adjusts theerform noise calculations with two different PS schemes.
number of electrons present in the diode at each time stephe first one is thelynamicPS, in which the time fluctua-
according to the potential distribution, without any further tions of the self-consistent electric field are taken into ac-
artificial algorithm?? The barrier height considered in the count by solving the Poisson equation at each time step. In
simulation is 0.735 V, which leads to an effective built-in the second scheme we usestatic PS so that the carriers
voltage at equilibriumV,,; of 0.640 V between the region =~ move in thefrozen nonfluctuating electric field profile. Of

of the semiconductor and the metal. In our rather ideaFourse, the PS scheme which is physically correct, is the
model, we have not considered other phenomena which magynamic one. The static case is just used to evaluate quanti-
also be present in real SBDs, such as: tunneling, image-fordatively the influence of the field fluctuations on the total
lowering of the barrier, quantum reflection, presence of dehoise.

fects at the semiconductor-metal interface, etc. Indeed, our (i) Voltage-noise operation, in which the total current is
primary objective is to provide a detailed analysis of an ideakept constant in time and the voltage fluctuations are ana-
diode, thus reaching a deep understanding of the processbged. By imposing the condition that the total current is
responsible for the fluctuations, which are likely to be dis-constant in time](t)=1,, from Eq. (1) we obtain:

torted with the inclusion of some of the effects previously

L
mentioned. Moreover, the frequency range in which we are &AV(L,t)z —A[|c(t)—|o]- 2
going to analyze the noise behavior of the SBD is well be- £08r
yond the influence of I/contributions. By employing a finite-differences scheme, E2). allows one

The calculations are performed by using an ensembl¢o calculateAV(L,t) in each time step during the simulation.
MC simulator (one-dimensional in real space and three-Moreover, by solving the Poisson equation one can get
dimensional in momentum spaceelf-consistently coupled AV(x,t) as a function of different positions inside the
with a one-dimensional PS. The GaAs conduction band condevice as measured from one of the terminals. With this
sists of three nonparabolic spherical valleys € and X). operation mode we provide a spatial analysis of voltage
The material parameters and the scattering mechanisms ameise by calculating the spectral density of voltage fluctua-
the same as in Ref. 24. The MC simulation follows the stantions as a function of position and frequery(x, ).
dard schemé The device is divided into equal cells of 100 In both modes the fluctuations are studied through the
A each, and the electric field is updated periodically at eaclralculation of the respective current or voltage autocorrela-
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10° IV. RESULTS
I | v ' v ¥ ' v T T T v T T E
i , 3 A. Static characteristics
: : Figure 2 shows thé-V characteristic of the SBD of Fig.
[ ] 1. Only forward biasings higher than 0.5 V, which corre-
10* - Ve = spond to a semiconductor-metal barrier lower th&gb/q,

v ] have been simulated due to the limited statistical information
1 that can be obtained with the number of particles dséth
simulate lower voltageghigher barrier a particle-weighting
schemgwith multiplication/compression of particlesould
be necessar}{? However, while appropriate to analyze the
O Monte Carlo ] static characteristic of the devices, such an algorithm leads to
------- analytical T the wrong results when dealing with noise calculations due
] to the different statistical weight of the carriers and fields
e producing the fluctuations. In agreement with expectations,
3 two different regions can be clearly observed in ithé char-
* : ' ‘ acteristic according to the conditioNs<V; andV>V,,;. In
0.5 0.6 0.7 0.8 the former, the current exhibits an exponential behavior
Voltage (V) which is determineq by the thermic_mic emission of carriers
over the metal-semiconductor barrier. In the latter, the cur-
FIG. 2. Current-voltage characteristic of the Schottky barrier diode undef€nt tends to assume a linear behavior due to the disappear-
forward-bias conditions. Circleisolid line) correspond to Monte Carlo cal- ance of the barrier, and the semiconductor series resistance
culations and dashed line to the analytical estimation according to thermicontrols the current in the diode. The dashed line in Fig. 2
onic emission theory. shows the results for the current under forward-bias condi-
tions given by the analytical thermionic emission theory:

Current density (A/cm?)

! L L !

_ qm* (KgT)?

J= 2m2h3

tion functionsC,(t) and Cy(t) which, after being Fourier
transformed, provide the spectral densiti&(f) and

19 i e X )
Sy(f).” Once the stationary situation is reached in the SiMUherem* is the effective mass of the electroris the re-

lation, the value of the currerivoltagd 1(t) [V(t)] is re-  gceq Planck constand,, the work function of the metal,
corded at each time step, for subsequent calculations of the Y. the electron affinity of the semiconductap,,— x

. . . . . S m S
corresponding autocorrelat]on functlong. The S'muI""t'or‘corresponds to the barrier height, 0.735 V in our case. The
must be long enough to achieve a good time resolution of thﬁgreement with the first region of tHeV curve is rather

autocorrelation functions. To this end, after a transient of quatisfactory and confirms the reliability of the MC simula-
ps, the carrier kinetics is simulated for 0.75 ns in the case of ;¢

current noisgtime steps of 10 fsand for 2.0 ns for voltage Figure 3 shows the stationary profile along the structure

noise (time steps of 2.5 fs _ of several quantities of physical interest. While the
The equivalent noise temperaturg(f) (experimentally  gomiconductor-metal barrier persisis£0.5 V), the carriers
measurableis a very important parameter for the character- .o main thermalizedFig. 3(c)] and a depletion region is ob-
ization of the noise properties of SBDs. In our case we calgaryed near the Schottky contdétig. 3a] where all the
culate its low-frequency valuéy(0) from potential drop takes pladé-ig. 3(d)]. Beyond flatband con-
ditions (V=0.85, 1.00 V this depletion region practically
disappears, leading to a more uniform potential gradient
mainly located in then region according to its higher resis-
tance. This leads to the appearance of a relevant electric field

when current-noise operation is employégreS, (0) is the which is responsible for a carrier heating along this region
low-frequency value of the current spectral densiy, the and subsequent intervalley transfer to higher L and X val-

Boltzmann constant, anG(0) the low-frequency differen- leys. The velocity shows the expected behavior due to the
tial conductanckand from presence of the barri¢Fig. 3(b)]. Since the Schottky contact

acts as a perfect absorbing boundary and the movement of
the electrons in the depletion region is practically ballistic,
Sv(0) near the metal most of the carriers have iti lociti
S A (4) positive velocities.
4KgR(0) For V<V, the velocity distribution changes along the bar-
rier from a full Maxwellian at the beginning of the barrier
when voltage-noise operation is employéereS,(0) is the into a positive hemi-Maxwellian just at the boundary with
low-frequency value of the voltage spectral density BR@@)  the metal. This behavior, which is reported in Fig. 4, ex-
the low-frequency differential resistaniceBoth G(0) and  plains why the carrier velocity increases by approaching the
R(0) are obtained from the slope of the current-voltage ( metal contact, where it reaches a value of>210" cm/s.
V) characteristic4® This value corresponds tg2KgT/7m*, the average veloc-

e~ [A(¢m—xs)/KpTlg(qV/KgT) (5)

Si(0)

0= G0

©)

Tn(0)=
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e v e -] profile of then region is also shown.
0.0 ’ -t =1 ¥ }
= 0T _ capacitance of the diode can be calculdtéig. 5b)]. While
g 200 | . the barrier persistsM< V), the capacitance increases with
= 1 the voltage in close agreement with the total depletion ap-
e 10T ] proximation(dashed ling
§ 100 | () 12
= e QeoerNp
50 L - =\ o (6)
= ] 2(Vpi—V)
.8 _' ) P ’ N where Np=10' cm 2 is the doping of then region.

] C=3.02x10 8(V,;— V) Y2 F/cn? in our case. In this range
~ 0.9 1 the most important charge variation takes place in the deple-
g 0.8 h ] tion region close to the barri¢Fig. 3@]. When the voltage
;“j - increases over 0.6 V, the capacitance decreases and is mainly
g on related with the variation of the number of carriers around
3 the n*-n homojunction.

0.6
0.5 , , , ) ) ‘ . B. Current noise
0.0 0.2 0.4 0.6 Figure 6 shows the spectral density of current fluctua-
ces tions S,(f) for different applied voltages calculated by using
t . . .
& the static and dynamic PS schemes. Both schemes provide

FIG. 3. Stationary profiles along the diode of different magnitudes: th? same static characteristics, ho_Wever the noise spectra_ are
free-carrier concentratiorip) average velocity(c) average energy, and)  quite different because the dynamic PS includes the coupling
potential for several applied voltages. between velocity and self-consistent field fluctuations. Let us
focus on the dynamic results. For 0.575 V a first peak about
600 GHz appears, which is attributed to carriers that do not
ity of a positive hemi-Maxwellian distribution, and some- have sufficient energy to surmount the barrier with the metal
times is used as a boundary condition in the metaland thus come back to the neutral semicondugeturning
semiconductor interface, despite some discrepancies abocarriers), as was originally proposed in Ref. 16. This peak
the correct value to be uséd>*?In the case ol/>V,,, the  disappears for 0.650 and 0.850 V, since for these voltages
presence of the electric field in timeregion is superimposed the barrier also disappears. A second peak at about 2200
on the previous effect, and therefore the velocity increase&Hz is observed for all the three voltages and is found to be
with the applied voltage. Moreover, due to the short lengthrelated to the plasma frequencies of thendn™ regions.
of then region, overshoot velocities are observed, and value3hus, this peak originates from the coupling between fluc-
as high as 4.810" cm/s are reached. tuations in carrier velocity and in the self-consistent field
A very important parameter in the ac behavior of theinduced by then-n* homojunctior?® Its magnitude and fre-
SBD is the junction capacitance. As we have already mengquency depend on the characterisiidsping and lengthof
tioned, the boundary conditions considered in the simulatiotthen andn™ regions®® When a static PS is used, this second
allow for the variation of the number of carriers inside the peak is completely washed out, thus supporting our interpre-
structure with the applied voltag€ig. 5a)], from which the tation. Another important result is that at low frequencies the
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S for several applied voltages, calculated by using a dyngmgtantaneous
a fluctuations of the self-consistent electric field are consideaed a static
~ (neglected Poisson solver.
s 1.0 F .
8 Figure 8 presents the results f6y(0) as a function of
g 05 L ANy i the current, calculated by using static and dynamic PSs. Due
% o Monte Carlo O\O\O\o ] to the spread ip the.time _resolution Gf(t),.th.e uncertainty
@ _ -8 -1/2 | of the calculations is estimated to be within 20%, a value
o [ C=3.02x10 (Vv _-V) .
8 0.0 . ‘ bt l comparable to the experimental counterpart. In the low-
: ‘ — ' ' ' current regioncorresponding to/<V,,;) S,(0) exhibits the
0.5 0.6 0.7 0.8 gioncorresponding bi) $(0)

2gl dependence typical of a full shot-noise behavior caused
by the carriers crossing the barrier individually and at ran-
dom. When going to the high-current region the effect of the
FIG. 5. (a) Number of carriers inside the Schottky diode dhilassociated ~ SEri€s resistance becomes increasingly importsinte the
capacitance as a function of the applied voltage. CirSetid line) corre-  built-in potential tends to disappearand S;(0) deviates
s_pond to M_onte Carlo calculation_s and dashed !ine to the analytical estimargm the shot-noise behavior. In this regidﬁ(O) ap-
tion according to the total depletion approximation. proaches a value close t4T/Rs, whereT is the lattice
temperature, corresponding to the thermal noise associated to
the series resistand®s (due to then andn™ regions in the
values ofS,(f) are significantly higher in the static scheme device. This result is what is expected by assuming that
with respect to the dynamic one. In other words, the fluctuacarriers remain thermal with the lattice. Finally, for the high-
tions of the self-consistent field strongly suppress the lovest currents, the appearance of an excess noise due to the
frequency noise: a well known phenomenon in the case ofnset of hot carriers and intervalley mechanisms is evi-

vacuum tubes’ denced by a significant increase ${0).
In order to illustrate the effects associated with the re-

turning carriers on the current-noise spectra, in Fig. 7 we
presentS(f) andS,(f) —S,(0) as a function of frequency in . —— ey

Voltage (V)

the range 10-1000 GHz for two voltages under which the [

semiconductor-metal barrier persists. In this frequency range L

we identify two contributions to the spectral density: a first “TE\ """"""""""""""" ]
one coming from carriers able to pass the barrier, which are % ------------ - 5/(f) 0.575 V ]
respon_5|ble fo5,(0) g\nd whose contrlbutlo_n _ﬁ(f) is con- L el e S,(f) 0600 V |
stant with frequency® and a second one originating from the - S.(f)-S(0) 0575 V
returning carriers. As demonstrated in Refs. 16 and 32, the - ! ! ’ ]
second group is responsible for a contribution which is pro- | & 77 S(f)=5{0) 0.600 V]
portional tof? until reaching a maximum whose amplitude 107" L —_ f dependence =

L L d L n PR

and frequency are related to the height and width of the
barrier. Figure 7 clearly shows how tHé dependence is
detected in our results on&(0) is subtracted frong(f),
thus confirming that the behavior of the spectra in this range
is related to the returning carriers. The presence of the maxl-

effects which start appearing at these high frequencies.
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IG. 7. Frequency dependence of the spectral density of current fluctuations

. subtracting its low-frequency valui the range 10—1000 GHz for biasings
mum is also detected, although somewhat masked by pIaSWO.STS and 0.600 V. The dependence proportiondtés also shown in

the figure.
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predicts that for low currents, whé®>Rg, the behavior of
S is 2ql, while for high currents, wherRs>R;, it is
4KgT/Rg. The results of the dynamic simulation are favor-
ably compared with this analytical model and its two limiting
behaviors in Fig. 8. The value taken fgj is obtained from
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signed to the series resistance, whose determination is corn

plicated due to the fact that it is expected to be voltag

. . IG. 9. Spectral density of voltage fluctuations as a function of frequenc
dependent® Figure 8 also reports the values obtained for P Y 9 duency

) ) ) > - and position in the Schottky barrier diode for several average voltéges:
S(0) with the static PS. While thieV characteristics are the 0.575 v(1.04x10° Alcm?), (b) 0.650 V (8.82x10° A/cm?), and (c) 0.925

same, the results f@,(0) differ considerably with respectto V (5.41x10° Alcm?).
the dynamic case, being systematically greater in the static

case, where no transition from a shot-noise behavior to Voltage noise
thermal-noise behavior is observed. Indeed, at the lowest 9

current S(0) so calculated approaches the thermal value. Figure 9 shows the result of a spatial analysis of the
Thus, the shot-noise behavior found with the dynamic PSsoltage spectral density in the SBD under study at three bi-
turns out to be the result of a suppression of the thermahsings for which the noise is controlled by different mecha-
noise (detected in the static cgsby means of the self- nisms. HereS,(x,t), calculated with respect to the ohmic
consistent field fluctuations. Such a suppression is a weltontact, is shown as a function of position and frequency.
known effect due to the presence of space ch3tgeview  The pointsx=0 um andx=0.7 um correspond to the po-

of these results we emphasize the need to include a dynamgitions of the ohmic and Schottky contact, respectively. In
PS when studying noise spectra in SBDs, and more generalthe high-frequency region, above about 1 THz, two peaks at
in nonhomogenous devicé$3® due to the essential role the plasma frequencies of tileandn™ regions of the struc-
played by the coupling between fluctuations in carrier velocture are observed; each peak originates in the respective re-
ity and self-consistent electric field. gion. This is the well known effect of plasma oscillations
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Eﬁ/—olltg.gesaﬁjﬁuiiig\;\asmg ?: thJﬁclg\évr;frg?:igﬁi);xa;unzO;Z];nssgﬁgg:adiin;:te IG. 11. quivalent noise ter’qperature at low frequency as a function of the
Schottky barrier diode under study curre_nt flowing through the d_lode. Clrcles_ corr‘espond to Monte C_arlo cgl—

' culations performed considering a dynamic Poisson solver in the simulation
and employing: current-noise operati@pen circleg and voltage-noise op-
eration(full circles). Squares correspond to calculations considering a static
Poisson solver and making use of current-noise operation. The dotted and
dash-dotted lines correspond to experimental data taken from Ref. 18, mea-

a|ready detected in other devices |ikér‘]nJr Structure§_9'28 sured in Schottky barrier diodes withlayer doping of %10 cm™2 and

6 —3 T
At 0.925 V the great increase of the spectral density at lowf*10"° cm >, respectively.
frequency practically washes out the peak related tonthe

region, while the high-frequency behavior above 2 THz re-D Equivalent noise temperature
mains practically the same. - Equiv IS peratur

On the contrary, the low-frequency behavior, which is In Fig. 11 we show the equivalent noise temperature
related to the different mechanisms controlling the currenfTy(0) at low frequency calculated from Eq&) and (4)
throughout the device, changes significantly with the biasing(i.e., under current- and voltage-noise operation modes, re-
Figure 10 shows the space derivative of the low-frequencypectively as a function of the current flowing through the
value of the voltage spectral density as a function of positiordiode, together with some experimental data taken from Ref.
and average voltage,S,(x,0)/dx. This magnitude is found 18. Moreover, within current-noise operatidny(0) has also
to take significant values at different points inside the diodeébeen calculated with the static and dynamic PSs. For the case
in going from the ohmic to the Schottky contact dependingof the dynamic PS, the results obtained from both operation
on the hiasing, thus revealing the spatial origin of the voltagenodes are found to practically coincide. At low currents,
noise. For low voltagesin fact lower than the built-in po- corresponding to the exponential region of theé character-
tential at equilibrium, 0.640 Yshot noise is dominant, and istic, the noise temperature is close to half the value of the
most of the noise arises in the depletion region close to théattice temperature. This is a universal feature associated
barrier. At increasing voltages, when flatband conditions arevith the ideal forward -V characteristic which reveals a full
reached, the noise becomes spatially more distributed. Bhot noise behavior$(0)=2ql. As the current increases,
mainly originates from tha region of the device and corre- the effect of the thermal noise in the series resistance be-
sponds to the thermal noise associated with the series resisemes important and the noise temperature increases towards
tance. Finally, at the highest voltages, the presence of hdhe lattice temperature, which is clearly crossed over for the
carriers and intervalley mechanisms in theregion is re-  highest currents because of the onset of the hot carrier effects
sponsible for an excess noise contribution which leadslescribed before. This behavior ®§(0) agrees favorably
Sy(x,0) to increase significantlfsee Fig. €)]. In this last  with that found by different experimental measure-
case there is no barrier, most of the voltage drop occurs iments'>"*8as those shown in Fig. 11. Here the universal
the n region of the devicgsee Fig. &)] and the electrons feature of theT/2 value at the lowest values of the current
become hot after traveling some distance under the action afensity is experimentally confirmed. On the other hand we
the high electric field present in this regigsee Fig. &)]. have found a good qualitative agreement in the increase of
For voltages higher than 0.775 V the electrons gain enoughiy(0) at higher current density, where a quantitative fitting
energy to transfer to the L valleys near the end of the would require the inclusion of the specific parameters of the
region. In these valleys the electrons have a larger effectiveneasured diode in the simulation. In fact, for example, the
mass, making this region highly resistive, and thus an imporsimulated diode has am layer doping of 16° cm™3, while

tant source of noise. This is the reason wih,(x,0)/dx in the case of the experimental data is 6f 0'® cm 2 and
takes higher values and increases mainly near the Schottlg<10'® cm™3. The higher then layer doping, the higher the
contact. It is remarkable that this hot-carrier effect on thebuilt-in voltage of the semiconductor-metal junction, and
noise persists over a frequency range witke Fig. €c)]  therefore the higher the current at which the noise tempera-
than that for which the noise is related to the depletion regiorure leaves thd/2 value and starts increasing. Concerning
near the barrier at the lowest voltagege Fig. %a)]. the results obtained with a static PS, while th¥ charac-
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ot n (which depends on biasingThis last can be obtained from
the stationary carrier concentration proffleee Fig. 83)],
R, L R, L, and it can also be estimated from the total depletion approxi-

F—/W\’—m_ mation. The mobility of then andn™ regions can be ob-
Z(w) Z{w) Z(wy) | tained from bulk MC simulations.
| | || I The junction (depletion regioh is represented in the

[ L1 equivalent circuit by the standard parallel of its resistaRge
G G G and its capacitanc€;, so that

&,

FIG. 12. Intrinsic small-signal equivalent circuit for the Schottky barrier R R(1-iwCR))
diode at voltages lower than the built-in potential. Index 1 corresponds to  Z;(w) = ! = 11
then* region, 2 to the neutral region andj to the depletion region.

= €)
1+ioCR;  1+w?CR?

o . Both R; and C; depend on the biasin@; is obtained by
teristic was checked to remain the same, the valu&(@),  subtractingR, + R, from the differential resistance obtained

and thus offy(0), differ considerablybeing systematically from the |-V curve, andC; takes the values shown in Fig.
highey with respect to those obtained with a dynamic PS, ag(p).

we have seen in Fig. 8. We remark on the essential role of The 5ma||-signa| equiva|ent circuit of Fig. 12 can be
the dynamic PS in determining the noise properties of thesgpplied to predict and explain the noise behavior of the diode
devices. This is especially clear for low currents, where then the whole frequency range faf<V,;. Since under this
noise suppression due to the presence of the space charggndition both then™ and neutrah regions show an ohmic
near the barriéf is only detected when the dynamic PS is hehavior and are practically at thermal equilibrium, the lat-

employed. tice temperaturdl is used to represent the noise related to
. _ o . them. In the case of the depletion region, since it is respon-
E. Small-signal equivalent circuit and noise spectra sible for the appearance of shot noise, it will contribute to the

To provide a quantitative interpretation of shot noise at"0iseé with a temperaturé/2. In this way, by using the Ny-
low frequency and returning carriers and plasma effects Ajuist relationship, the voltage noise can be evaluated as:
higher frequencies, in this section we propose a small-signal
equivalent circuit for the SBD able to reproduce the whole SV("’):4KBT{m[Zl(w)+Z2(w)]+ %m[zi(“’)]}
current- and voltage-noise spectra when the current through (10
the diode is controlled by thermionic emiSSiOW{Vbi). from which the current noise is obtained ﬁ(w)
Accordingly, the SBD can be represented by the series con= Sy(w)/|Z(w)|?, where Z(w)=Zy(0)+Zy(w)+Zj(w) is
nection of three equivalent circuits representing each regiothe total impedance of the diode.
of the device (" region, neutrah region andj depletion Figure 13 shows the comparison between the current-
region as shown in Fig. 12. and voltage-noise spectra obtained with the equivalent circuit

Then™ region and the neutral region are represented and from the MC simulation for an applied voltage of 0.575
by intrinsic equivalent circuits corresponding to homoge-v. The parameters of the equivalent circuit for this biasing
neous samples in which transport is controlled bytake the value$, =0.20 um, R; =259x10°% Q cn? and
collisions®* Here R=1/(qNpu) indicates the ohmic resis- C; =1.13x10° 7 F/cn?. A reasonable agreement between
tance of the sampléwith u the mobility, Ny, the doping and  poth results is found. The equivalent circuit reproduces cor-
| the length, C=eoe, /I the capacitance of a parallel-plate rectly the low-frequency values and the main featu(fes-
capacitor whose dielectric is the sample andquency dependence, position of the maxima,)eté. the
L=m*1/(q°Np) the inductance. These passive elements argoise spectra. Moreover, it is possible to associate the differ-
related to the characteristic times of each region asgnt effects detected in the spectra with the elements of the
L/R=rp=m* u/q, LC=15=rn7q=M*&0e,/(4°Np) and  equivalent circuit and check in such a way the physical in-
CR=r14=&0e,;/(QNpu), Wherery,, 7, and 74 are the mo-  terpretation given to the MC results. Thus, the presence of
mentum, plasma and dielectric relaxation times of the matethe peak at 2200 GHz i8,(f) is related to the combination
rial, respectively” In this way the impedance corresponding of 7, (w) and Z,(w) with their associated resonant plasma

to any of these two regions is: frequencies? which is consistent with the physical explana-
1+iwl/R 1+iwm, tion obtained from the simulation. Furthermore, the effect of
Z(w)=R the returning carriers leading to the initig# behavior and

=R
— 7 - — 7.7
1= 0LCHiwCR 1-orptior the peak at 600 GHz is related to the presence of the capaci-

1+i[wrm(1_w2,r‘2))_ wTd] tanceC; in Z;j(w). In the case 08,(f) the two peaks at high
(8) frequency are associated, as expected, with the resonant

plasma frequencies &;(w) andZ,(w), and the initial de-
Z,(w), corresponding to the™ region, is independent of the crease of the spectrum with the effect@f. Of course both
biasing, which is not the case @f(w), corresponding to the low-frequency value§;(0) andS,(0) are determined by the
n region. In order to apply Ed8) to the neutrah region we  dominant role played by¥;(w) at low frequency.
must know its length,, which corresponds to 0.3am (n The discrepancies found between the equivalent circuit
region length minus the length of the depletion region and the MC results, especially important in the amplitude of

(1— w275)2+ szg
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C ool TC Monte Carlo FIG. 14. Spectral density of current fluctuations for an homogenous GaAs
N Schottky barrier diode with length of 04m and doping of %10 cm™3

- for biasings of 0.550 and 0.625 V obtained from Monte Carlo calculations
g and from the equivalent circuit.

o

i

N

o (i) The static characteristics of the diode are favorably
n compared with the existing theories on the ideal behavior of

0.0 | | | SBDs. Thermionic emission, series resistance and hot carrier
o 1000 2000 3000 4000 regimes are detected.

(i) By using current-noise operation, our microscopic
Frequency (GHz) model naturally detects the presence of shot, thermal and
excess noise and reproduces their main features without in-
FIG. 13. Spectral density df) current and(b) voltage fluctuations for a  voking phenomenological noise sources. By employing static
piasing of 0.575 V(1.04x10° Alcm?) _obtained_ from Monte Carlo calcula-  gnd dynamic schemes to solve the Poisson equation, the cou-
tions (dashed lingsand from the equivalent circuisolid lines. pling between fluctuations in carrier velocity and the self-
consistent field has been proven to essentially modify the
the second maximum d&(f), can be attributed to the fact noise spectra. Iq pa_rticular, it is responsible for the appear-
that the circuit model neglects the free-carrier diffusion@nCe Of shot noise in the SBD by suppressing the thermal
around the homojunction. To check this conjecture we hav&0'S€. . _ . _ .
also simulated a GaAs SBD where this homojunction is sup- (i) By using voltage-noise operation a spatial analysis
pressed. It consists of just a semiconductaregion of 0.4 of vpltage noise has been perfo'rmed, providing local infor-
wm with a doping of 5106 cm™2 surrounded by ohmic and Mation on the strength of the noise sources. _
Schottky contacts. In this case the equivalent circuit consists (V) The results obtained for the equivalent noise tem-
of just the series 0Z,(w) (neutraln region with Z;(w) perature at low frequency show a behavior which is in agree-

(depletion region Figure 14 shows the results obtained for ment with experimental results. Theoretical predictioqs in
S,(f) in this diode for two biasings. In this case, in the ab-the frequency region above 10 GHz need to be confirmed
sence of the " -n homojunction, only the peak related to the €xPerimentally. . o

returning carriers is observed. The frequency at which this (V) A small-signal equivalent circuit able to reproduce
peak appears is higher than in the previous case, since iftge noise spectra undgr the thermionic emission regime h.as
doping of the semiconductor is higher and therefore thdeen proposed. The different features of the.spectra.are. in-
depletion region is shorter and the characteristic returnind€"Preted in terms of the elements of the equivalent circuit.
time is also shortet® The agreement found between the

equivalent circuit and the MC results is excellent. In particu-ACKNOWLEDGMENTS
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