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Abstract. The effect of optical illumination on lateral
Double-Drift Region (DDR) structure of Silicon Impact
Avalanche Transit Time (IMPATT) device is investigated in
this paper. The device is designed to operate at mm-wave
W-band frequency. The optical modulation of DC and RF
properties of lateral DDR IMPATT device is studied by
a simulation technique which incorporates the dependence
of normalized difference of photocurrent density at the
depletion layer edges on the intensity of optical illumina-
tion and surface density of photon flux. The simulation re-
sults are compared with those obtained for a conventional
vertical DDR Si IMPATT structure under similar optical
and electrical operating conditions. The results show that
the optical control is more effective in lateral IMPATT
structure than in its vertical counterpart as regards reduc-
tion of output power and shifting of optimum frequency.
When light is incident on hole drift layer of the lateral
structure the output power reduces by 18.7% while the
optimum frequency shifts upwards by 2.48%. Under simi-
lar conditions the power reduces by 10.9% and optimum
[frequency shifts upwards by 0.75% in vertical structure.
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1. Introduction

Impact Avalanche Transit Time (IMPATT) device
has emerged as the most suitable solid-state source to gen-
erate sufficiently high power in microwave, millimeter-
wave and terahertz frequencies [1-4]. Various types of
vertical IMPATT structures like mesa, planar and distrib-
uted etc. have been reported [5-7], in which the contact and
drift regions are stacked perpendicular to the substrate
surface. The major disadvantage of vertical orientation is
the difficulty in coupling optical energy into the active
region of the device. Integration of vertical IMPATT
structure in monolithic circuits is also difficult. Moreover
series combination of these devices in power combiner
circuits requires special technological skill. The above

problems can be resolved if the vertical IMPATT structures
are replaced by lateral ones since the planar lateral
IMPATT structure has the inherent advantages of mono-
lithic integration and series combination. Stabile et al. [8]
reported two types of fabrication schemes (diffused and
buried geometry) for lateral Single-Drift Region (SDR)
p -n-n" structure of IMPATT diodes and measured their
RF characteristics up to a frequency of 17.4 GHz. Later
Attar et al. [9-12] realized lateral SDR IMPATT diode in
0.18 um standard complementary metal-oxide-semicon-
ductor (CMOS) technology so that the device can operate
up to 77 GHz. These results establish the fact that lateral
IMPATT structure is highly suitable for RF power genera-
tion at microwave and millimeter-wave frequency bands.
Further light energy of appropriate wavelength incident on
the active region of IMPATT devices leads to various opti-
cal control functions such as modulation of RF power,
frequency tuning and injection locking [13-28]. The optical
control provides additional control over normal electronic
control and is of considerable research interest in view of
its application in optoelectronic integrated circuits and
phased array antennas for space based communication and
imaging. The physical mechanism underlying the above
control functions is the enhancement of leakage current
entering in a photo-illuminated reverse biased IMPATT
device.

The theoretical and experimental studies on optical
control have been carried out on the conventional vertical
structure of SDR or DDR IMPATT devices. The authors
proposed a novel lateral DDR IMPATT structure (Fig. 1)
in an earlier paper [29] in which the contact layers (p - and
n'-layers) and drift layers (p- and n-epitaxial layers) are
adjacent to the substrate surface. Light energy can be very
easily coupled to either p- or n-drift layers of the lateral
DDR structure through tiny holes created on the SiO,
layer. The lateral DDR IMPATT structure shown in Fig. 1
can be fabricated by using standard CMOS technology
[29]. So far as the authors’ knowledge is concerned, no
theoretical or experimental investigation is available in
published literature on the optical control properties of
lateral DDR IMPATTs. The authors have made an attempt
in this paper to study the optical modulation of RF proper-
ties of proposed lateral and conventional vertical structures
of IMPATTSs. Simulation study is carried out to investigate
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the optical control performance of lateral DDR Si IMPATT
device designed to operate at 94 GHz window frequency at
W-band. Two different optical illumination configurations
are considered in this study. In one configuration the
photocurrent is electron dominated while in the other the
photocurrent is hole dominated. Similar study has been
carried out on a vertical DDR Si IMPATT device under
same optical and electrical operating conditions at W-band
for the sake of comparison.
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Fig. 1. Lateral DDR IMPATT structure.

2. Material Parameters and Design
Methodology

In this section the material parameters of the base
semiconductor material (silicon) and the design methodol-
ogy of 94 GHz DDR IMPATT device is briefly discussed.

2.1 Material Parameters

The realistic field dependence of ionization rates (a,,
a,) and drift velocities (v,, v,) of charge carriers and other
material parameters such as bandgap (E,), intrinsic carrier
concentration (n;), effective density of states of conduction
and valance bands (N, N,), diffusion coefficients (D,, D,),
mobilities (u,, ,) and diffusion lengths (L,, L,) of Si at
realistic junction temperature of 500 K are taken from the
recently published experimental reports [30-32].

2.2 Design Methodology

The frequency of operation of an IMPATT device es-
sentially depends on the transit time (z7) of charge carriers
to cross the depletion layer of the device. IMPATT devices
having double-drift n"-n-p-p" structure are first designed
for a particular frequency (f;) from the transit time formula
of Sze and Ryder [33] given by W, , = 0.37 v, ,/fs; Where
W,, is the width of n- and p-drift region, and v, , is the
saturation drift velocity of electrons, holes respectively.
Here n'- and p'-layers are highly doped layers whose
doping concentrations are taken to be N,; = N, = 10% m™.
The background doping concentrations of n- and p-deple-
tion regions (Np, N,) are initially chosen according to the
design frequency, f; The design frequency is taken to be
94 GHz at W-band in the present simulation study. Using
the above design doping and structural parameters the
electric field profile is obtained from a double-iterative

field maximum simulation technique reported earlier [34].
The doping parameters and corresponding structural pa-
rameters are adjusted till the simulated electric field profile
just punches through the depletion layers W,, W, corre-
sponding to the design frequency, f; at a particular biasing
current density, Jyp. A small-signal simulation method de-
scribed in [35] is used to find out the high frequency ad-
mittance and negative resistance properties of the device.
This method is based on Gummel-Blue approach [36]. The
optimum frequency f, corresponding to the peak negative
conductance G, is determined from the simulated admit-
tance characteristics of the device. If the magnitude of f,
differs very much from f;, the value of J, is varied and the
computer simulation program is run till the value of f, is
nearly equal to the value of f;. The bias current density, J,
is thus fixed for a particular design frequency. Realistic
doping profile for flat profile DDR IMPATT diode has
been used in the present analysis. The doping profile at the
interface of epitaxy and substrate (i.e. n'm-interface) is
approximated to be error function. The doping profile near
the p'p-interface is made realistic by suitable exponential
function. The structural and doping parameters of DDR Si
IMPATTSs designed for operation at 94 GHz are listed in
Tab. 1.

W, W, Np N Ny, Ny
@m | @m) [ <107 md) [ <10Fm®) | (x10% m?)
0.3200 0.3000 1.450 1.650 1.0

Tab. 1. Design parameters.

3. Proposed Analysis Model

One-dimensional model of reverse biased n'-n-p-p"
lateral DDR IMPATT structure, shown in Fig. 2 is used to
simulate the DC and high frequency properties of the de-
vice under optical illumination. The physical phenomena
take place in the semiconductor bulk along the symmetry
axis of the DDR IMPATT devices. Thus the one-dimen-
sional model of IMPATT devices considered in this work
is justified.

3.1 DC and High Frequency Simulation

The DC electric field and normalized current density
profiles in the depletion layer of the device are obtained
from simultaneous numerical solution of fundamental de-
vice equations such as Poisson’s equation, combined car-
rier continuity equation, current density equations and
mobile space charge equation subject to appropriate
boundary conditions [27]. A double-iterative field maxi-
mum simulation method described elsewhere [27], [34] is
used to solve these equations and obtain the field and cur-
rent density profiles. In the above mentioned simulation
method, the computation starts from the field maximum
near the metallurgical junction. The boundary conditions
for the electric field (&(x)) at the depletion layer edges are
given by
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&(-x)=0 and &(x,)=0. (D
Similarly the boundary conditions for normalized
difference of hole and electron current density,

P(x) = (J(x) = Ju(x)) / Jy (Where Jy=J,+ J,) at the deple-
tion layer edges i.e., at x = -x; and x = x, are given by

P(—xl):[Mi—lJ and P(xz)—[l— MZ J )

p n

where M, and M, are the electron and hole multiplication
factors whose values are infinitely large of the order of
~10° under dark or un-illuminated condition of the device.
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Fig. 2. One-dimensional model of DDR IMPATT device.

The magnitude of peak field at the junction ¢, the
widths of avalanche and drift zones (x; and xp; where
xp =d, + d,) and the voltage drops across these zones V,
Vp are obtained from the DC simulation program. These
values are fed back as input parameters in the small-signal
simulation to obtain the high frequency admittance proper-
ties of the device. The depletion layer edges of the device
are obtained from the output of DC simulation program.
The edges of the depletion layer are then taken as the
starting and end points of small-signal simulation program.
Two second order differential equations are framed from
Gummel-Blue model [35] by resolving the device imped-
ance Z(x,w) into its real part R(x,w) and imaginary part
X(x,w); where Z(x,w) = R(x,®) + jX(x,). Two simultane-
ous second order differential equations in R and X are nu-
merically solved by using Runge-Kutta method [35]. Dou-
ble-iteration over the initial choice of the values of R and X
at one edge is carried out till the boundary conditions for R
and X are satisfied at the other edge [35]. The negative
specific resistance R(x) and specific reactance X(x) profiles
in the depletion layer of the device are obtained from the
above solution. The device negative resistance Z and re-
actance Zy are obtained from the numerical integration of
the respective R(x)- and X(x)-profiles over the depletion
layer width W7, i.e.

Zp= fo(x)dx and Zy = ?X(x)dx. 3)

-x —x

The device impedance is given by, Zp = Zp + jZy while the
device admittance is, Yy =Zp' =G +jB. The negative
conductance G and positive susceptance B of the device at

a particular frequency are computed from the following
expressions

Z 7
G(w) = A d |B(w)= X . 4
6] (ZR2+ZX2) and [5(o) (ZR2+ZX2i @

It may be noted that both G and B are normalized with
respect to the junction area A4; of the device. The admit-
tance characteristics i.e., G(w) versus B(w) plots of the
device are obtained from the above analysis for different
bias current densities. The avalanche resonance frequency
/. at which the susceptance B changes its sign from positive
to negative i.e., from inductive to capacitive is also be
obtained from the admittance plots.

3.2 Proposed Model to Study the Optical
Control of Lateral DDR IMPATT Device

The optical energy can be fed to the ring contact of
conventional vertical mesa structure of IMPATT device by
shining light through a controlled optical window on either
p'-layer (to generate electron dominated photocurrent) or
n'-layer (to generate hole dominated photocurrent) [13],
[14], [26], [27]. Although simple to describe, the method of
shining light on the top surface of the device is technologi-
cally complex. Further it is difficult to shine light through
the controlled optical window on the vertical structure of
DDR IMPATT device in the experimental set up described
in [9]. However light may easily be fed directly to the - or
p-drift layers through tiny holes created on the SiO,-layer
in lateral structure of DDR IMPATTSs as shown in Fig. 3
[29]. In this section studies will be presented on the optical
control of high frequency properties of DDR Si lateral
IMPATT device. The effect of variation of intensity of
optical illumination corresponding to different incident
photon flux densities on the optical control phenomena of
lateral device structure is also investigated. The device is
designed to operate at W-band around the window fre-
quency of 94 GHz. An analytical relation between incident
photon flux and the normalized difference of electron and
hole photocurrent density at the depletion layer edges is
derived and incorporated in the simulation program to
study the above phenomena.

If the incident optical power be P, watts and the
effective illumination area of the device be A4, then the
surface density of photon flux @, is given by

o, = p, LR (4)

5
s 5)

where R(A) is the reflectance (R = (n, — ny)/ (ny + ny); ny is
the refractive index of the semiconductor, »; is the refrac-
tive index of air) of the semiconductor material at wave-
length 4, A is Planck’s constant (A = 6.625x107*Js) and ¢
is the velocity of light in vacuum (c = 3x10*ms™). In the
present analysis, the device thickness D (effectively n-well
depth) is assumed to be much larger than the light penetra-
tion depth (6 = 1/a where a is the absorption coefficient of
the semiconductor material) and the incident optical power
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is assumed to be completely absorbed within the active
layer. Under the above assumptions, the steady-state opti-
cal generation rate of carriers within the n- or p-drift layer
of lateral DDR IMPATT device is given by

! Mint Pz’n/?’

o ~[i5e5) %) ©
where #,,; is the internal quantum efficiency, W and L are
respectively the width and length of the hole created on
Si0O,-layer to allow light to be incident directly on either
n- or p-drift layers. If light is incident on n-layer,
L=W,=(]-x1] —x0). On the other hand if light is incident
on p-layer, then W,= (x,—x). The electron and hole cur-
rent multiplication factors at the n- and p-depletion layer
edges are given by

Jo

__ S
n -
Jlat ps(Totul)

‘]lat ns (Total)

M and M, =

(M

where  Jignopsroary 15 the  total electron/hole reverse
saturation current entering the lateral DDR IMPATT
structure of the device under optical illumination. The
electron and hole reverse saturation currents have two
components, (a) thermally generated saturation current and
(b) optically generated saturation current. Thus:

J lat ns(Total) = J lat ns(Th) +J ns(Opt)
and ®)
Jlar ps(Total) = J it ps(Th) T it ps(Opt

The expressions for thermally generated electron and hole
reverse saturation currents are given by:

2 2
qD,n; gD ,n;
I ns(Th) = — and J ps(mh) = (9)
(%) {LHNA } ps(7n) {LPND }

where ¢ is the unit electronic charge (¢ =1.6x10""C).
Under dark condition, Jiu usopry = Jiar pscopn = 0, so the mag-
nitudes of current multiplication factors M, and M, are of
the order of ~10° [26].
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Fig. 3. Arrangement for optical illumination on (a) n-drift and
(b) p-drift layers of Lateral DDR IMPATT structure.

The drift component of the photocurrent density due
to light incident through tiny holes created on the SiO,-

layer directly on the n-drift layer of lateral DDR IMPATTs
is given by

K ! Mint ) in‘i
J i) = G dx=q| 22— | 2—W,. 10
lat ns (Opt 7dr;fl) q‘i.[q‘ L q[ WLD \J[ he n ( )

Similarly, the drift component of the photocurrent density
due to light incident directly on the p-drift layer of the
device is given by

Ki ! 771'}1 I)in ﬂ“
Jlal ps(Opt _drift) = inL dx = q(WT})](WJWP . (1 1)

Diffusion components of the photo current density in
both n'- and p'-layers can separately be determined by
solving one-dimensional ambipolar transport equation with
proper boundary conditions [37]. The electron and hole
diffusion components of the photo current density in n'-
and p-layers are given by

3\
— ' — Min Pin;t
Jlat l1x(0pt7di[f) - qGL Ln - q[ WLZ) j( he jLn

and >

— ' _ Min En;t
Jlat px(Optid;'[f) - qGL Lp - q[ﬁb](?)l’p )

Total photocurrent density is the combination of drift
and diffusion components; i.e.

(12)

Jlat ns(Opt) = Jlat ns(Optidrift) + Jlat )13(0pt7a'1_'[f)

and (13)

Jlat ps(Opt) = Jlat ps(Opt _drift) + Jlat ps(Opt _diff)

3.2.1 Light Incident on p-drift Layer

When light is shined on the p-drift layer of the lateral
DDR IMPATT device, the photocurrent density will be
electron dominated. Under this situation the electron and
hole multiplication factors in the n- and p-depletion layers
are given by

" Jo

- and M, =—"0 (1)
Jiar ns(Th)+Jlat ns(Opt)

lat ps(Th)

M,

n

In this case the value of M, is considerably reduced
(M, << 10% while M, remains unchanged (~10°). There-
fore the boundary conditions for the normalized current
density at the depletion layer edges (equation (2)) are
modified as

Plx)=-1 and p(xz)_[l_i,,].
M

n

(15)

When light in shined on the p-drift layer, equation (15) is
used as one of the boundary conditions in place of equation
(2) to solve the device equations involved in the program
and simulate the DC and high frequency properties of the
device.
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3.2.2 Light Incident on r-drift Layer

When light is shined on the n-drift layer of the lateral
DDR structure of Si IMPATT device, the photocurrent
density will be hole dominated. Under this situation the
electron and hole multiplication factors in the »n- and p-
depletion layers are given by

Jo

M, =0
! J, lat ps(Th) +J lat ps(Opt)

J lat ns(Th)

and M, = . (16)

In this case the value of M, is considerably reduced
M, < 10° while M, remains unchanged (~10°). Thus the
boundary conditions for the normalized current density at
the depletion layer edges (equation (2)) are modified to

P(—xl):{i,,—lj and P(x,)=1.
M

P

a7

Thus when light in shined on the n-drift layer, equation
(17) is used as one of the boundary conditions in place of
equation (2) for simulating the DC and high frequency
properties of the lateral DDR IMPATT device.

4. Results and Discussion

The effect of intensity of optical illumination with
varying surface density of photon flux on the mm-wave
properties of lateral DDR Si IMPATT device has been
studied. The modified boundary conditions for normalized
current density given in (15) or (17) corresponding to light
incident on p- and n-drift layers are incorporated into the
double-iterative simulation program to study the afore-
mentioned properties of lateral structure of the device.
Similar study is carried out for the conventional vertical
structure of DDR Si IMPATT device under identical con-
ditions by following the method reported earlier by the
authors [27], [28] for the sake of comparison.

4.1 Dependence of Electron and Hole Domi-
nated Photocurrents on Surface Density
of Photon Flux

The bandgap of Si at 500 K is E, = 1.0465 eV [38§]
and the corresponding cut off wavelength is A, = 1.186 um
(A = hc/E,). Thus incident light energy is absorbed in Si if
and only if the wavelength of light is less than or equal to
1.186 um. This means that photons of wavelength equal to
or less than 1.186 um are capable of generating electron-
hole pairs in Si. Further it may be noted that the absorption
coefficient (a m™) of light in Si is strongly dependent on
wavelength as well as temperature [39], [40]. Electron and
hole dominated photocurrents at the p'p- and n'n-inter-
faces of lateral DDR IMPATT device are determined for
different surface densities of photon flux of wavelength
1000 nm (1.0 um) which is close to the cut off wavelength
in Si at a junction temperature of 500 K. He-Ne laser
source with the arrangement of variation of intensity of

optical illumination may be used to illuminate the drift
layers of the device. Analytical relations are derived to
calculate electron and hole dominated photocurrents for
different values of surface density of photon flux for the
conventional vertical structure of 94 GHz DDR Si
IMPATTSs by using the method reported in [27], [28] for
different surface densities of photon flux of 1000 nm
WaVelength (Iver ns(Opt)/ps(Opt) — J, ver ns(Opt)/ps(Opt) x Aj; where
junction area, 4; = m(D; /2)*, junction diameter, D;= 35 pm
at 94 GHz [41]). Also the electron and hole dominated
photocurrents are calculated for 94 GHz lateral DDR Si
IMPATTS by using the relation given in (13) for different
surface densities of photon flux of 1000 nm wavelength
([lat ns(Opt)/ps(Opt) = J[at ns(Opt)/ps(Opt) x A/a where Aj' =D x W,
n-well depth, D =0.9 um [42], width of the device,
W = 1.1 mm). The junction diameter of both vertical and
lateral IMPATTs are taken to be  same
(4;=A4;=9.6211 x 10"°m’) for the sake of comparison.
Again the illumination area of the both lateral and vertical
structures of DDR Si IMPATT devices are kept same
(4 =3.3x10""m™) to compare the effects of optical con-
trol in the lateral and vertical structures of 94 GHz DDR Si
IMPATT devices on the variation of intensity of optical
illumination and corresponding variation of surface densi-
ties of photon flux. The internal quantum efficiency (#;,)
of Si in the depletion region of DDR IMPATTs is taken to
be 95% [43]. The doping and structural parameters (Tab. 1)
of both lateral and vertical structures of DDR IMPATT
devices are taken to be same for the above study. The DC
and high frequency parameters of both lateral and vertical
DDR Si IMPATTSs designed at 94 GHz for different sur-
face densities of photon flux are obtained from the
simulation software developed for this purpose [27]. In the
following section, the simulation results for the effect of
optical illumination on the DC and high frequency per-
formance of lateral Si DDR IMPATTSs will be presented
compared with those of its vertical counterpart.

4.2 Effect of Optical Illumination on the DC
Properties

The DC parameters of the lateral and vertical
IMPATTS under dark (DR) and two illumination configu-
rations (HDPC and EDPC: HDPC stands for hole domi-
nated photocurrent and EDPC stands for electron domi-
nated photocurrent) for different surface densities of
photon flux of wavelength 1000 nm are evaluated and
given in Tab. 2. Variations of breakdown voltage V3 and
DC to RF Conversion Efficiency (3 ="'x (Vp/Vs)) of
lateral and vertical IMPATT structures with bias current
density J, for DR, EDPC and HDPC conditions are shown
in Fig. 4 for different incident photon flux densities @,. It
is observed from Tab. 2 and Fig. 4 that the optical modula-
tion of millimeter wave properties both lateral and vertical
structures of DDR Si IMPATTs are more pronounced for
electron dominated photocurrents than for hole dominated
photocurrents. The physical reason behind the phenomenon
of more pronounced effect of electron dominated photocur-
rent in optically illuminated vertical structure of DDR Si
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IMPATT device is explained in earlier papers [26-28].
Further it is interesting to note that significant optical
modulation takes place in lateral DDR IMPATTSs than in
its vertical counterpart for both electron and hole
dominated photocurrents. When the photocurrent is elec-
tron dominated and incident photon flux density is
1.0x10* m?sec” at 1000 nm wavelength, the peak electric
field &,, breakdown voltage V' and efficiency 5 of lateral
DDR IMPATT structure are reduced by 1.5%, 2.3% and
16.7% respectively at a bias current density of
3.0x10® Amp/mz. The above mentioned parameters i.e., ¢,
Vy and 5 of vertical DDR structure are reduced by 0.7%,
1.5% and 9.5% respectively under identical situation. This
shows that better optical control is achieved in lateral DDR
IMPATTSs as compared to that in its vertical counterpart as
regards the DC properties of the device.

4.3 Effect of Optical Illumination on the High
Frequency Properties

The small-signal admittance and negative resistance
of lateral and vertical IMPATT structures under dark (DR)
and two illumination configurations (HDPC and EDPC)
are simulated for different surface densities of photon flux
of wavelength 1000 nm. The results are given in Tab. 3. It
is observed from Tab. 3 that the small-signal parameters of
lateral structure of DDR Si IMPATT device are more af-
fected than that of its vertical counterpart by both electron
and hole dominated photocurrents. It was reported earlier
[19-28] that the small-signal parameters of vertical struc-
ture are affected more by electron dominated photocurrent
than by hole dominated photocurrent. Tab. 3 shows that the
electron dominated photocurrent due to optical illumination

Optical Illumination D(1) LATERAL IMPATT VERTICAL IMPATT
Conditions (m” sec™) (Jo =3.0x10° A m?) (Jo =3.0x10° A m?)
(2 = 1000 nm) g, Vs 1 (%) & Vp 1 (%)
=10'vm) (V) (x10"Vm™) W)
Dark (DR) 0 6.3168 21.55 9.62 6.3168 21.55 9.62
Hole dominated photo 10% 6.2906 21.46 9.35 6.3078 21.51 9.49
current (HDPC) 10% 6.2656 21.35 9.11 6.2889 21.39 9.31
Electron dominated photo 10% 6.2325 21.32 8.73 6.2928 21.47 9.14
current (EDPC) 10% 6.2207 21.05 8.01 6.2709 21.22 8.71
Tab. 2. DC parameters of lateral and vertical DDR Si IMPATTSs under dark and two illumination configurations for different photon flux
densities.
Optical Dy(2) LATERAL IMPATT VERTICAL IMPATT
Illumination (m? sec™) (Jo = 3.0x10° Amp/m?) (Jo=3.0x10* Amp/m?)
Conditions (A =1000 5 G, 0, Zr Prr 5 G, 0, Zr Prr
nm) (GHz)  (x10’ =(-B,/G,) (x10® (mW) | (GHz)  (x107  =(-B,/G)) (x10°® (mW)
Sm?) Qmd) S m?) Qmd)
DR 0 93.00  -6.5594 1.69 -0.3954 5984 | 93.00 -6.5594 1.69 -0.3954  598.4
HDPC 10% 93.44  -6.5017 1.72 -0.3886  579.1 | 93.15 -6.5298 1.70 -0.3937  589.2
10% 93.90 -6.4531 1.74 -0.3848 5614 | 93.50  -6.5085 1.72 -0.3881  574.8
EDPC 10% 93.99  -6.3864 1.75 -0.3854 5372 | 9329 -6.4671 1.72 -0.3906  566.4
10% 9520 -6.2519 1.78 -0.3837 4867 | 93.77 -6.4165 1.74 -0.3870  533.5

Tab. 3. High frequency parameters of lateral and vertical DDR Si IMPATTSs under dark and two illumination configurations for different

surface densities of photon flux.
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on the vertical structure of DDR IMPATT device (incident
surface density of photon flux of 1.0x10*m?sec’ at
1000 nm wavelength) reduces the RF power output
(PRF: n x PDC; where PDC: VB X J() X Aj) by 10.9% and
shifts the peak optimum frequency f, up by 0.75% at the
optimum bias current density of 3.0x10° Am™.The reduc-
tion of Pgr and upward shift of £, due to electron dominated
photocurrent in the corresponding lateral structure are
obtained as 18.7% and 2.48% respectively at the same bias
current density.

The admittance characteristics of both lateral and
vertical IMPATTs under dark (DR) and two illumination
configurations (HDPC and EDPC) are shown in Fig. 5 for
different surface densities of photon flux of wavelength
1000 nm. It is clear from both Tab. 3 and Fig. 5 that the
reduction of the magnitude of negative conductance is
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more by electron dominated photo current than by hole
dominated photo current. Further it is observed that the
effects of optical illumination on the admittance plots
(Fig. 5) as well as negative resistivity profiles (Fig. 6) are
more pronounced in lateral structure of DDR IMPATTs
than in its vertical counterpart. Maximum decrement of the
magnitude of negative resistivity for lateral IMPATT
structure is nearly 3.0% whereas the same for the vertical
structure is only 2.1%. From Tab. 3 and Fig. 5 it is ob-
served that the upward frequency chirp in lateral IMPATT
structure is 2.2 GHz due to optical illumination on the
p-drift layer (incident photon flux of 1.0x10*°m™sec” of
1000 nm wavelength) when the photocurrent is electron
dominated. The magnitude of upward frequency shift is
much lower (770 MHz) in optically illuminated vertical
IMPATT structure generating electron dominated photocur
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rent due to light incident on p*-layer with same photon flux
density and same bias current density.The variations of RF
power output Pgr and optimum frequency f, with bias cur-
rent density are shown in Fig. 7 and Fig. 8 respectively for
different photon flux densities of wavelength 1000 nm
incident on lateral and vertical IMPATT structures. It is
evident from the figures that the optical control is more
effective in the lateral structure of DDR IMPATT device
than in its vertical counterpart as regards both RF power
and optimum frequency.

4.4 Comparison with Experimental Results

Experimental results of optically illuminated vertical
SDR structure of Si IMPATTs show that the electron
dominated photocurrent is more important than the hole
dominated photocurrent in modulating the DC & RF prop-

>

erties of the device [14]. Simulation results presented in
this paper for optically illuminated vertical DDR structure
of Si IMPATTs show similar behavior as that observed
experimentally in case of vertical structure of SDR Si
IMPATTSs. The frequency tuning of IMPATT oscillators
has also been experimentally demonstrated up to W-band
by Seeds et al. [18]. They observed a frequency tuning of
9.4 MHz for an IMPATT oscillator operating at 91.83 GHz
in which the photocurrent was measured to be 20 pA. The
simulation study presented in this paper shows that a fre-
quency tuning in the range of 770 MHz is possible for
an optically illuminated 94 GHz vertical structure of DDR
Si IMPATT oscillator. Since the experimental report on the
optical modulation of Si based lateral DDR Si IMPATT
device at 94 GHz is not available in the published litera-
tures, the simulation results presented in this paper can’t be
compared with the experimental results.
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5. Conclusions

In this paper the effect of optical illumination on the
DC and high frequency properties of 94 GHz lateral struc-
ture of DDR IMPATT device is investigated. The optical
modulation of DC and RF properties of lateral DDR
IMPATT device is studied by a simulation technique which
incorporates the dependence of normalized difference of
photocurrent density at the depletion layer edges on the
intensity of optical illumination and surface density photon
flux. The simulation results are compared with those of
a conventional vertical structure of DDR Si IMPATT
device under similar optical and electrical operating condi-
tions. The results clearly establish that the optical control
phenomenon is more effective and important in lateral
DDR IMPATT device than in its vertical counterpart. The
doping and structural parameters of lateral DDR structure
of Si IMPATT device designed to operate at 94 GHz win-
dow are presented in this paper. These data will be highly
useful to the experimentalist to fabricate the device and
realize better optical control of the oscillator performance
in mm-wave communication systems, optoelectronic inte-
grated circuits and phased array antennas.
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