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%e propose a response-function formalism to investigate electronic transport in semiconductor de-

vices. To this end, a closed hydrodynamic approach coupled with the Poisson equation for the self-

consistent electric field is used to simulate the stationary and transient characteristics of near microme-
ter n+-n-n+ InP diodes. The response functions of the local electric field and applied voltage are calcu-
lated by means of a procedure which is based on the response of the device to an impulsive current per-
turbation. The good agreement achieved with available experiments validates the present theoretical ap-
proach which suggests spatial negative differential mobility as the physical mechanism responsible for
microwave generation. A significant increase of the cutoff frequency of the microwave power generation

up to 600-700 GHz is predicted for submicrometer GaAs and InP diodes.

I. INTRODUCTION

Modern semiconductor devices based on hot-carrier
transport are characterized by small size and, as a conse-
quence, by strongly inhomogeneous distributions of elec-
tric field, carrier concentration, drift velocity, mean ener-

gy, etc. Under these conditions, transport in submicrom-
eter structures differs significantly from transport in bulk
materials and/or supermicrometer devices. Therefore, in
recent years considerable efforts have been devoted to the
theoretical investigation of short n+-n-n+ diodes, which
can be considered one of the basis structures for modern
microelectronics. In particular, the fundamental features
of these diodes, including ballistic effects, ' spatial distri-
butions of various physical quantities, ' small-signal-
impedance behavior, etc. , have been the subject of deep
studies. In addition, special attention has been paid to
the theoretical analysis of microwave power generation in
GaAs and InP diodes in order to estimate the attainable
maximum generation frequency. " However up to now
there has been no general consensus in the literature as
concerns the maximum frequency and the mechanisms
which are responsible for generation in submicrometer
diodes.

For a theoretical analysis of transport and carrier heat-
ing in subrnicrometer structures, in addition to the
knowledge of large- and small-signal transport
coefficients, ' ' it is important to obtain information
about the separate roles which each part of the device
(e.g., contacts, n —n+ homojunctions, low- and high-field
areas, etc.} play in determining the above coefficients.
Such information can provide deep insight into the physi-
cal phenomena which causes microwave power genera-
tion. However this information is often given as phenom-

enological local parameters, such as differential mobility,
diffusion coeScients, etc., which lack rigorous definitions
in the presence of strong-field gradients.

The aim of this paper is to overcome the lack of rigor
by constructing a theoretical approach based on the
response-function formalism for the local electric field
and applied voltage. This formalism provides a micro-
scopic analysis of the relevant time scales associated with
scattering mechanisms and interparticle interaction (here
we consider long-range Coulomb interaction); thus it
represents the ideal framework to physically analyze the
characteristics and performances of modern electronic
devices. As application, the case of n+-n-n+ diode gen-
erators made by III-V compounds is considered because
of its practical interest. We remark that the theory so
elaborated is a natural extension of the impedance-Geld
method originally proposed by Shockley, Copeland, and
James, and further developed in Ref. 21.

The content of the paper is organized as follows. The
theory is developed in Sec. II. The application to the
case of near-micrometer InP diodes and some extension
to submicrometer structures is reported in Sec. III. Some
conclusions are given in Sec. IV.

II. THEORY

We consider a one-dimensional n +-n -n + structore
driven by a constant-current operation mode. Experi-
mentally, such a mode of operation can be realized when
the diode resistance is considerably smaller than the total
resistance of the external circuit. The transient and sta-
tionary characteristics of the diode are obtained from a
closed hydrodynamic approach based on a system of con-
servation equations for carrier number, drift velocity, and
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To investigate the spatial profile of the voltage response,
we also evaluate the response function of the local elec-
tric field in each point of the device, Dz(t, z), defined as

D ( )
1 5E(t,z)

(3)
Er CO 5~0

As follows from Eq. (3), the initial value Dz(0, z) is pro-
portional to the reciprocal geometrical capacitance per
unit surface of the diode: l/@co, i.e., it is constant
throughout the device. Therefore, the condition for the
response function to vary inside the diode is that its time
evolution must be different at different points. By
Fourier transforming Eqs. (2) and (3), one obtains the
small-signal impedance of the whole device, Z(f), and
the impedance field VZ(f, z) at frequency f, respectively,
as

Z(f)= f DU(t)exp( i2nft)dt, —

VZ (f,z) =f DE(t, z)exp( i 2m ft )dt . —
0

(4)

It should be pointed out that the integration of Eqs. (3)
and (5) throughout the diode gives Eqs. (2) and (4). This
means that every point of the diode makes its own contri-
bution to the small-signal impedance, and these contribu-
tions are cumulative. Such a property is very important
for a detailed analysis of the physical processes responsi-
ble for the diode performances.

mean energy coupled with the Poisson equation previous-
ly developed by the authors. ' The numerical simulation
of the current-driven operation is implemented by solving
an additional differential equation for the voltage drop
U& between the diode terminals:

d l
U~(r) = [j(r)—j,(r)],dt "

eo

where l is the total length of the diode, e„ the relative
static dielectric constant of the material, eo the vacuum
permittivity, j(t) the total current density, and j,(t) the
conduction current density which flow through the diode.
(Here and hereafter quantities such as impedance, field
impedance, etc. are normalized to unit cross-sectional
area). Let us consider a stationary state of the diode
characterized by a potential drop U& and a total current
density jo. Then, at a given initial time t =0, an impul-
sive 5-like perturbation of the total current density, 5jo,
is introduced. By integrating Eq. (1), keeping in mind
that any perturbation of the carrier concentration and ve-
locity is initially absent, one obtains an initial perturba-
tion of the voltage drop in the form 5U&=5jo(l/e„eo).
The voltage perturbation leads to a homogeneous pertur-
bation of the electric field inside the diode 5Eo=5U&ll
which, in turn, causes a time variation ofj,(t) As a r. e-
sult, Uz also begins to change in accordance with Eq. (1),
and finally relaxes to the initial value Uz (i.e., the voltage
perturbation vanishes in time under the constant-current
operation). A time-dependent response function of the
applied voltage, DU(t), can thus be defined as

III. APPLICATIONS

The above theory is applied to near-micrometer
n+nn+ InP diodes. The main parameters used are given
by n+ =10' cm, n =1.5 X 10' cm, and the n-region
length l„=1.0 pm. These diodes have been investigated
experimentally by Rydberg, ' and a wide-band genera-
tion in the frequency range 110&f &220 GHz with a
maximum power of about 10 mW has been obtained for
applied voltages in the range between 4.6 and 6.0 V. To
analyze the high-frequency performance of these diodes,
one should recall that a considerable role is played by
drift-velocity overshoot, which increases the difference
between maximum and minimum drift velocities inside
the n region, and strengthens the usual Gunn effect. This
is illustrated in Figs. 1(a)—1(d), which present a station-
ary profile of carrier concentration, drift velocity, mean
energy, and electric field for a diode with abrupt homo-
junctions, and cathode and anode lengths, respectively, of
l,+ =0.05 pm and l &+ =0.1 pm, under an applied voltage
U&=5 V. These results agree within a few percent at
worst with those obtained by an analogous simulation
performed with an ensemble Monte Carlo method. Fig-
ure l(b) shows the appearance of a velocity-overshoot re-
gion when the thermal electrons enter from the cathode
n+ region into the n region, where a high electric field is
present. The profile of the velocity overshoot consists of
a rapid increase of the drift velocity followed by a rela-
tively slow decrease. The former behavior is caused by
the initial ballistic motion of carriers in the momentum
and real spaces. The latter is due to the transfer of car-
riers into the upper valleys which implies both a random-
ization of the instantaneous velocity component in the
direction of the applied field, and a reduction of the drift
velocity due to a higher effective mass. The decrease of
the drift velocity inside the diode is accompanied by an
increase of the carrier concentration and the electric field,
which reaches its maximum value near the anode. There-
fore, there exists a kind of negative differential mobility
(NDM) in the space region 0.3 &z &1.0 pm, where the
drift velocity decreases with increasing electric fields.
Furthermore, a space region between the cathode and the
maximum value of the drift-velocity overshoot is needed
for the average energy to reach the value necessary for
the onset of the electron transitions to the upper valleys.
Such a space region is usually called the dead zone, and
in our case it extends for about 0.25 pm starting from the
n+n homojunction. The remaining part of the n region,
where the drift velocity as a function of space exhibits a
negative slope, can be considered as the active zone of the
diode. The main features of the microwave power gen-
eration are determined primarily by the physical process-
es which occur in this region.

The general scenario for transit-time oscillations due to
velocity overshoot is similar to that for the usual bulk
Gunn effect. Because of the spatial negative differential
mobility (SNDM), a spontaneous fluctuation of the car-
rier concentration can grow in time, leading to the forma-
tion of an accumulation layer in the diode region charac-
terized by a decreasing profile of the drift velocity. Then
the propagation of the layer toward the anode leads to
the appearance of time variations of the conduction
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current in the diode or of the total current in the external
circuit. %'hen the layer leaves the diode, a redistribution
of the internal electric field takes place and the appear-
ance of the SNDM starts up again. Thus the process of a
layer formation, its transport across the diode, and its
disappearance at the anode assumes a periodic character
which is at the basis of microwave generation.

The mechanism just outlined has evident advantages
with respect to the NDM of the usual Gunn e8'ect. These
are as follows.

(i) The cutoff frequency for SNDM in short diodes can
be much greater than that for NDM in long diodes be-
cause of the dynamic character of the SNDM formation.
Moreover, in principle, generation can be obtained in ma-
terials which do not exhibit steady-state NDM such as n-
Si'
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(ii) The maximum value of the drift velocity in SNDM
can be about 2-4 times greater than that in NDM. This
leads to a higher transit-time velocity and to a larger
peak-to-valley ratio in short rather than long diodes.

(iii) The SNDM causes the formation of an accumula-
tion layer instead of a dipole domain. This also
represents a favorable condition for improving the high-
frequency performance of microwave power generator.

The above advantages are naturally in favor of a
significant improvement of the conversion elciency, a
shortening of the time necessary for the layer formation
and its transit across the active region, and a general im-
provement of the diode performances at increasing lattice
temperatures. It should be stressed that, in materials
which exhibit the Gunn effect (e.g., n-GaAs and n-InP),
by reducing the diode length one ensures a continuous
transition from the static NDM to the dynamic SNDM.
We conclude that the Gunn effect and the dynamic
SNDM strengthen each other in passing from long to
submicrometer diodes.

Figure 2 shows the time dependence of the response
function of the local electric field calculated for Ud =5 V
at several points of the diode with coordinates, as mea-
sured from the cathode terminal, respectively, at
z =0.03, 0.25, 0.45, 0.65, 0.85, and 1.03 pm. The first
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FIG. 1. (a) Concentration, (b) drift velocity, (c) average ener-

gy, and (d) electric-field profiles in the n + -n -n + Inp diode at
300 K calculated at Ud=5 V. Diode parameters: n+=10"
cm ' and n = 1.5 X 10' cm ', and cathode, n-region, and anode
lengths, respectively, of 0.05, 1.0, and 0.1 pm with abrupt homo-
junctions.

FIG. 2. Normalized response functions of the local electric
field as a function of time for Ud=5 V under current-driven
operation at diferent points inside the diode of Fig. 1 as mea-
sured from the cathode terminal: z =0.03, 0.25, 0.45, 0.65, 0.85,
and 1.03 pm (sohd, short-long-dashed, long-dashed, dot-dashed,
dotted, and short-dashed lines).
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point is placed inside the cathode. Here the response
function exhibits a plasma-oscillation pattern which is
damped by the collision time. The same pattern is found
inside the anode. The second point corresponds in space
to the maximum value of the drift-velocity overshoot.
Here the response function is found to decay nearly ex-
ponentially on the time scale of momentum relaxation.
For the other points, which are placed between the max-
imum value of the drift-velocity overshoot and the anode,
the response function exhibits a pronounced bell-shaped
tail. The maximum value of the bell shape and its corre-
sponding time is found to increase by increasing the coor-
dinate along the diode up to the point where the carrier
mean energy has its highest value (the short-dashed curve
in Fig. 2). Then the maximum of the bell-shaped tail be-
gins to decrease rapidly, and vanishes at the beginning of
the anode region. The time evolution of the perturbed
carrier concentration, 5n (t,z) =n (t,z) no(z—) [no(z) be-
ing the stationary profile corresponding to Ud =5 V], is
illustrated in Fig. 3. The initial perturbation of the ap-
plied voltage and, hence, of the electric field inside the
diode, leads to the appearance of a space-charge wave
which is located in the active region of the diode (solid
curve, r = 1 ps}. Then this wave turns in an accumulation
layer followed by a narrow depletion region near the
anode (the short-dashed curve, t =2 ps). By comparing
with Fig. 2, one can conclude that the accumulation layer
is formed in the region of the diode where the negative
slope of the drift velocity as a function of space is max-
imum. After its formation, which takes about 2 ps, the
accumulation layer begins to propagate toward the
anode. The layer disappears, reaching the anode with a
negative value of 5n. Therefore, the bell-shaped pattern
of Dz(t, z) is related to the movement and growth of the
layer inside the diode, as well as to its vanishing at the
anode.

Figure 4 reports the voltage response function at in-
creasing values of the applied voltage. The numbers on
the curve correspond to the applied voltage in volt units.
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FIG. 4. Voltage response function as a function of time cal-
culated under current-driven operation for the diode of Fig. 1.
The numbers labeling the curves correspond to the magnitude
of the applied voltage in V units.

(Of course, being under current-driven operation, all
curves are calculated at fixed current densities jo corre-
sponding to the given Ud. ) The general shape of each
curve is similar, and can be analyzed in terms of short-
and long-time behaviors. At short times we find a sharp
decrease of DU(t) which is modulated by the plasma os-
cillations associated with the n+ regions. (By compar-
ison with Fig. 2, one can conclude that the plasma oscil-
lations are caused by the n + regions only. ) This decrease
of DU(t) comes from the contribution of the electrons,
which are placed in the dead zone of the n region. At
long times we find a bell-shaped behavior, analogous to
that of DE(t,z), which is caused by the propagation of the
accumulation layer across the diode, and which is more
pronounced the higher the applied voltage. When the
propagation of the accumulation layer is terminated, the
voltage response function vanishes.

The bell-shaped behavior of the voltage response func-
tion is responsible for the appearance of one or more
minima in the frequency spectrum of the real part of the
small-signal impedance of the diode, Re[Zd(f)]. This is
illustrated in Fig. 5, where the spectra of Re[Zd] are
presented for Uz =5 and 8 V (solid and dashed curves, re-
spectively). In the frequency range where Re[Zd( f}]& 0,
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FIG. 3. Concentration perturbation 5n (t,z)=n (t,z) —no(z)
with respect to the stationary concentration profile no(z) as a
function of the coordinate z along the n +-n-n + diode calcuh, ted
under current-driven operation at various times t =1, 2, 3, 4,
and 5 ps after the voltage perturbation (solid, short dashed, dot-
ted, dot-dashed, and long-dashed lines, respectively). Ud =5 V
and, 5U0=0.05 V.
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FIG. 5. Frequency dependence of the real part of the small-
signal impedance for Uz =5 and 8 V (solid and dashed lines, re-
spectively).
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an amplification and generation of the microwave power
is possible. The frequency regions corresponding to nega-
tive values of Re[Zd ] are plotted in Fig. 6 as a function
of the applied voltages. These regions, whose boundaries
are shown by continuous lines, define the amplification
bands in the (f, Ud ) plane. In each band the dashed line

corresponds to the frequency at which Re[Zd ] is at a
minimum. It should be remarked that we find a second
generation band at voltages higher than 5 V. (In general,
more bands can appear at sufficiently high voltages. ) The
frequency region where Re[Zd] is negative ranges from
90 to 240 GHz for 4. 5 ~ Ud ~6 V, and agrees well with
the experimental values for microwave generation.

For a more detailed analysis of the contribution which
the various regions of the diode make to the total small-
signal impedance, Fig. 7 reports the spatial profile of the
real part of the impedance field, Re[VZ], calculated, re-
spectively, at frequencies f = 100, 150, 200, and 250 GHz
for Ud =5 V. It should be emphasized that, at frequen-
cies lower than 70 GHz, Re[VZ] is found to be positive
everywhere, in spite of the fact that the drift velocity has
a negative slope in the active region. This result reQects
the dynamic nature of the high-frequency instabilities in
transit-time diodes. From Fig. 7, we see that the local
difFerential resistance is independent of frequency in the
dead zone, while becoming dependent on it only in the
active region of the diode (i.e., for 0.3&z &1.05 pm).
Moreover, in the dead zone the imaginary part of the im-
pedance field, Im[VZ], is found to be equal to zero at all
frequencies. In other words, from the electrical point of
view, the dead zone can be considered as a real positive
resistance without any imaginary part. Thus all current
instabilities are caused by the active zone only.

To understand the spatial behavior of the impedance
6eld in the active zone, let us come back to the physical
meaning of this quantity. By definition, the impedance
field at frequency f and point z is given by the ratio of the
Fourier component of the local electric field Ef(z) to the
Fourier component of the total current at the same fre-
quency. In the active zone of the diode, the spatial
dependence of Ef(z) is proportional to exp[ik (f)z] (i.e.,
it can be represented as a growing space wave), where the

F3 l3

FIG. 6. Amplification bands for the n+-n-n+ InP diode of
Fig. 1. The dashed lines show the optimal frequency corre-
sponding to the maximum negativity of Re[Z„(f)]. The verti-

cal bars summarize the experimental data (Refs. 22 and 23).
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FIG. 7. Real part of the impedance field as a function of the
spatial coordinate at the frequencies f =100, 150, 200, aud 250
GHz (solid, dashed, dotted, and dot-dashed lines, respectively).
Ud=5 V.

real and imaginary parts of k (f ) determine the wave-
length and spatial increase respectively, of the space
wave. Therefore, the curves in Fig. 7 correspond to
growing space waves of the local electric field which start
at the beginning of the active zone and vanish at the
anode contact. From the same figure it is also evident
that the wavelength of the space waves decreases at in-
creasing frequency. Indeed, at suiciently high frequen-
cies more than one minimum can appear in the active re-
gion.

Figure 7 also serves to individuate the regions of the
diode which are responsible for generation in the inter-
mediate frequency range 100&f &250 GHz. In this
range, all space waves of Re[VZ] have only one negative
minimum in the active zone, and compose a single
amplification band (see Figs. 5 and 6). The small-signal
impedance of the diode reaches a maximum negative
value near the frequency f =150 GHz (see Fig. 5), when
the whole region of the layer propagation (see Fig. 3) is
responsible for such a negative value. At higher frequen-
cies, the negative values of the small-signal impedance
Re[Z] decrease due to the appearance of a region with
positive values of Re[VZ] near the anode contact. This
has an interesting physical consequence. In order to shift
the maximum of Re[Z] to higher frequencies, it is neces-
sary to decrease the diode length (i.e., to cut the near-
anode region with positive values of Re[VZ] at high fre-
quencies). For example, as follows from Fig. 7, for the
frequency f =250 GHz a reduction of the n region from
1.0 pm down to 0.85 pm should eliminate the positive
Re[VZ] in the region near the nn+ homojunction. Such
an expectation is fully confirmed by direct Monte Carlo
simulations of the reduced diode. Thus the information
obtained from the impedance field calculations can be
conveniently used for a proper choice of the diode length,
doping profile, etc. A further possibility exists that addi-
tional minima of Re[VZ] are formed inside the active
zone, being responsible for the appearance of upper
amplification bands. For example, the second
amplification band at frequencies 220&f &350 GHz in

Fig. 6 is caused by the appearance of a second minimum
of Re[VZ] near the anode contact.
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From the small-signal analysis, we provide an estimate
for the values of the parameters of the external resonant
circuit which are needed for generation. Accordingly, to
obtain generation in the first band only, we find that the
total resistance of the external circuit must be less than
7X 10 0 m (which from Fig. 5 is the maximuin value
of ~Re[Zd]~ in the first generation band). For a typical
value of the cross-sectional area A =10 m, this means
that the load resistance of the device should not exceed
the value of several Q. The corresponding estimates for
the external circuit inductance can be obtained from the
frequency dependence of Im[Zd ]. The generated power
and the efficiency of the diode generation in the series res-
onant circuit, which consists of the load resistance R and
the inductance L, are reported in Figs. 8(a) and 8(b), re-
spectively. The generated power Ps,„(f) is evaluated as
the alternative power extracted from the load resistance:

Pgen'9=
Pg,„+P (7)

where P =jU, is the total power averaged over a period,
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where the bar means an average over a period. Accord-
ingly, the efficiency g of the generation is calculated as

and U, the voltage applied to the whole circuit. Since

Pg «P, and P is a slowly varying function of frequency,
the spectral behavior of the generated power is very simi-
lar to that of the efficiency. The main features of the mi-
crowave power generation are found to be in full agree-
ment with the SNDM mechanism described above (see
the discussion of Fig. 1). In particular, both Monte Carlo
and hydrodynamic simulations show the formation of ac-
cumulation layers rather than dipole domains, and the
low-frequency arnplification band corresponds to the for-
mation of a single accumulation layer. When the param-
eters of the resonant circuit are chosen in such a way as
to operate in the second amplification band (see Fig. 6),
we find two accumulation layers which move simultane-
ously along the diode.

The good agreement we have found between results for
the hydrodynamic and kinetic approaches strongly sup-
ports the physical reliability of our modeling. In particu-
lar, calculations exhibit a maximum generation power at
about 150 6Hz, which compares well with experimental
findings ' where, for a variety of samples, such a max-
imum is found in the frequency range 110&f & 220 GHz.
By assuming A = 10 m, we obtain a maximum
theoretical value of the generated power P,„=300mW
at f =150 GHz, which should be compared with the
maximum power of 7 mW measured experimentally at
f =180 GHz. This significative difference leads us to
conclude that the output power of real devices can still be
improved by appropriate choices of the resonator exter-
nal parameters and/or technology refinements.

The overall agreement here found between calculations
and available experiments for near-micrometer InP
diodes validates our approach and allows us to extend it
to the case of submicrometer n +nn + GaAs and InP
diodes at difFerent temperatures. Some interesting results
of the small-signal characteristics are presented in Fig. 9.
Here the maximum and minimum frequencies for genera-
tion within the first band are plotted as functions of the
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FIG. 8. (a) Generated power and (b) efBciency of the mi-
crowave power generation. Full curves refer to the present non-
linear hydrodynamic approach, and points to the kinetic ap-
proach performed using an ensemble Monte Carlo simulation.
The parameters are the same as Fig. 1 with n =2X10' cm ',
R =2.5X 10 0cm, and the total applied voltage U, =7.5 V.

FIG. 9. Upper and lower frequencies of the 6rst-generation
band as a function of the length of the diode n region at T =400
K. Diode parameters: n+ =10"cm, and n =10' cm '; the
cathode and anode lengths are 0.05 and 0.25 pm, respectively,
with an intermediate region of 0.1 pm between the n+ and n re-
gions with linear grading of the doping level. Continuous and
dashed curves refer to the case of InP at Uz =2.5 V and GaAs
at Ud =1.5 V, respectively.
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- n-region length for the case of GaAs and InP diodes at
T =400 K. We remark that the maximum generation
frequency reaches values of 600—700 GHz when the n-
region length reduces to 0.3—0.2 pm. These values are
considerably higher than those obtained in bulk materials
under static NDM. For shorter lengths we find a degra-
dation of the frequency performances, which can be asso-
ciated with the fact that the space charge penetrates the
whole n region due to free-carrier diffusion.

effects appearing when thermal electrons enter from the
cathode n+ region into the active n region is found to be
an effective physical mechanism which improves consid-
erably the high-frequency performance of submicrometer
diodes, and strengthens the usual Gunn effect. From an
analysis of different geometries and materials, we predict
a maximum generation frequency of about 700 GHz in
GaAs and InP diodes with lengths in the n region of
about 0.2 pm.
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