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Mode locking in the Gunn effect

Qiang Tian and Benkun Ma
Department of Physics, Beijing Normal University, Beijing 100875, People’s Republic of China
(Received 27 December 1996

A model describing the Gunn effect is discussed. Numerical results show that the model exhibits the
expected characteristics of the self-sustained oscillations. The model-locking characteristics under an exter-
nally applied microwave field are analyzed. As the frequency of the applied microwave field is changed, a
devil's staircase of frequency-locked oscillations develpp163-182807)05323-X]

The Gunn effect has been extensively studied by tron density, and the diffusion constant. Here(E) is the
experimentdl and theoreticdltechniques. It is well known electron drift velocity, and)(t) is the total current density.
thatn-type GaAs and a number of other compound semiconfor explicit calculations it is advantageous to use an explicit
ductors can exhibit self-sustained current oscillatidtre  form of v(E)to represent the RWH mechanism which has
Gunn effect in the microwave range when the applied drift the fornf
field exceeds a characteristic threshold value. Because of in- 5
efficient energy relaxation, the electron gas heats up to tem- (E)= Et M2 14 E @
peratures well above that of the crystal lattice, and a transfer v K1 E. E2)

Cc
of carriers from the high-mobility conduction-band mini- . .
mum to a set of low-mobility satellite valleys takes place. If #1 IS the electron mobility of the lower bang,, the electron

this transition is fast enough, a bulk negative differentialMOPility of the upper band, anff; the threshold field for the
conductivity may arise. The spatially homogeneous electroff€gative differential mobility.We Fourier analy#{x,t) in
distribution then becomes unstable, and propagating higre form
field domains are formed.

Since chaotic behavior in semiconductors was first ob- E(X,t)=Eo+ 2, En(t)expimkox).
served by Aoki, Kobayashi, and Yamambio n-type GaAs, m#0
the nonlinear and chaotic dynamics of semiconductors haghe symmation goes over all positive and negative integers,
now become of considerable interest both experimentallyng the fundamental wave number is defined by
and theoretically. Because modern electronic devices associ-
ated with nonlinear carrier transport may encounter serious ko=2m/L.

chaotic noise which prevents reliable device operation, it iﬁ_ is the lenath of th le. E dintE) int
important to know how a nonlinear electronic device re- is the length of the sample. ExpandingE) into a power

sponds to the external field, particularly, in the hot-electrors€€S OfE, and then comparing the coefficients of the same
regime. exponential function in Eq(1) yields the following set of

A majority of the theoretical works are based on severafduations:
assumptions® which give a picture of the Ridley-Watkins-
Hilsum (RWH) mechanisnf. We proposed four coupled- —m:(am—iﬂm)Em
mode equatiorisfor the Gunn effect. The four-coupled-mode at
equations are not good enough in describing the basic self- % 1
sustained oscillations. In this paper we employ an often-used — -
drift velocity® with negative differential mobility to represent §=2 my+my4 - +mg=m S!
the RWH mechanism, and then propose a theoretical model 3)
composed of six-coupled-mode equations. This model gives
the expected results that the self-sustained oscillating frefhe different terms on the right-hand side of EG) are
quency decreases as the static electric field increases whiélgfined as follows:
is consistent with the experimemd.he mode-locking char-

A Em Em, **Em_.

L i . i — _a'nr@®_Pk2m2
acteristics are also discussed with this model. am=—e'Ngvg’ —Dkym?,
In one dimension, the Gunn effect is governed by the B
following equation for the electric fiel&(x,t):%° Bm=mkyv (Eo),
JE(X,1) ) )aE PEJ(b) @ Asm =€ Moo +imysko ™Y,
=—e'ng(E)—v(E)—+D +—, (1
at ° Ix e where the derivatives af(E) are defined by
wheree’ =e/(4me), eis the electronic charge,the dielec- vgs)=dsv(E)/d Es|E:E0-

tric constant of the semiconduct@or GaAs,e=12.%,, and
g is the static dielectric constantn, the equilibrium elec- Eg is the applied electric field.
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FIG. 1. Calculated variation of self-sustained oscillating fre- t_F|G' f2 A phase plot _for t?? statlor:tarxdlfzg éo|_l|ut|ondupolnt§ppll-
quencyfy with electric fieldEy.. This variation is very consistent cation of @ microwave signal frequentyc=2. Z and refative
with experimentgRef. 5. amplitudeK =Eqc/Bqe=0.2.

According to Nakamurd,we disregard all higher-order WNere
terms other thans=3, and omit the imaginary part of

- — a2
Asm,- Decomposing complex variableS, into real and Ry=ReA;m, =€'Novg
imaginary parts a€,,=Xom_1+iXo, for positive integers @)
m, and using the relatiofE,,=E*  for negative integers Rs=ReA;m =€'novg ™,

m, we can reduce E(3) to six coupled-mode equations,

X1= (X2 +X3)/2+ X3+ X2+ x&+ X,
dx;

—— = a1 X1+ B1Xo— Ry(X1X3+ XoX 4+ X3X5+ X4Xg) — R3X X
gt~ @Xat BiXa— Ra(XiXg+ XoXa+ X3Xs 1+ XaXe) — ReX1 Xy Xa= 324 X2t (X2 x2) /24 x4 X2,
— Rl (3 = X5+ 35— X3)Xs + 2(X1Xp+ X3Xa) X512,

(@) for = 4.0GHz

(8) foe=42GHz {¢) foe = 44CH 2
dx,
qr - X BiXa— Ra(X4X1 =~ X2X3+ XeX3— XaX5) — RaXo Xy
2,2 2, 2
— Ra[ (XT= X5 = X5+ X3)Xg— 2(X1Xp— X3X4)X5]/2,

) /
dXg s o /) / /
gt @XsT B2Xa— Ra[ (XT—X5)/2+ X1 X5+ X2Xe] — R3X3X3

— Ra[ (X1X3+ X2X4) X5+ (XaX1 — XoX3) X6 ], 7
dxy
ar - a@Xq— BoX3— Ro(X1Xo+ XeX1 — X5X2) — RgXs X3
(d) fu. = 4.6GHz (¢) foe = 4.8GH 2 (£) foe = 4.9GH>

— Ra[ (X1X3+ X2X4) Xg— (XaX1 = XoX3) X5]

dxs
gr - @sXst B3Xe— Ra(X1X3—X2X4) — RaXsX5 ,
2_,2
X7—X X1X
—Rs x1< % +x§—x§> - ZXZ(%— x3x4) /2,

dx , : . . .
d_e = agXg— BaXs— Ry(X4X1 + XoX3) — RgXeXs FIG. 3. Series of phase plots obtained by increasing th_e micro-

t wave frequency from 4.0 to 4.9 GHz. The Gunn mode maintains a

X2—x5 .
Xo —x2+x2

proximately 4.8 GHz. Af 4,=4.9 GHz, a quasiperiodic solutiqor
3

-R
3 a periodic solution with a period longer than 2 iis observed.

1:2 frequency-locked solution up to microwave frequencies of ap-
+2x4 / 2,

X1X2
—— + X3X
3 3 4)
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FIG. 4. The phase-space trajectory of the stationary 1.5
frequency-locked solution existing fég.=1.8 GHz andk =0.2. FIG. 5. The devil's staircase of frequency-locked oscillations for
Ey4=4.9548 kV/cm andK=0.2. f is the current oscillating fre-
X5=x§+x§+x§+xﬁ+(x§+x§)/2. quency.f, is the self-sustained oscillating frequency corresponding

to E4., andf . is the ac bias frequency.
Steady-state solutions; o of Egs. (4) were numerically
calculated by settinglx; o/dt=0. There are only zero solu-
tions ( x; c=0). Performing a linear stability analysis, we
observe thax; , becomes unstable fer,,>0. This can be the

same positiorx, over many oscillation periods. The domain
mode entrains into a 1:2 frequency-locked solution with the
applied microwave field.

(1) R , As the frequency of the microwave signal is increased, the
case ifug ° is negative, i.e., iEo>Ec. The unstable case is 1.5 frequency-locked solution is maintained up to about 4.9
the Gunn oscillations. GHz. At this frequency, the oscillations becomes quasiperi-

Itis basically important for a_model tc_) be, able to give the_odic. This is illustrated by the series of phase plots in Fig. 3.
correct results of the self-sustained oscillations. The numeri- For higher microwave frequencies, intervals exist in

cal results of Eq(4) for self-sustained oscillating frequency | hich the domain mode entrains into 1:3. 1:4. 1:5. efc.

fo vs static electric fielcEy. (dc bias are shown in Fig. 1,  equency-locked solutions. As an example, Fig. 4 shows the
which are well consistent with experimentn the calcula- 1:5 frequency-locked solution that exists for.=1.8 GHz
tions, we take the parameters of the typical sample GaAs;nqk =0.2, In between the main frequency-locked solutions,
#1=5000 cnt/V's, Ma= 3293 cnfiV's, Ec=35 kviem, ore complex frequency-locked solutions are observed. Al-
L=10 um, andny=10" cm = o together, the interaction between the internally generated do-
In the presence of a microwave field, i.e., under an exteryain mode, or self-sustained oscillating mode, and the exter-
nal electric field including both dc and ac bias, nal microwave signal give rise to a devil's staircase of
_ ; frequency-locked solutions, interspersed with quasiperiodic
Bo=Eqct Eqc SiN2mfad), behavior. As the frequency of the applied microwave signal
we observed a large variety of different modes of behavioris changed, the devil's staircase of frequency-locked oscilla-
depending upon the amplitude and frequency of the microtions is illustrated in Fig. 5.
wave signal. As an example, Figs. 2 and 3 present the re- In conclusion, we discussed a model system for the Gunn
sponse of the Gunn diode to the application of a microwaveffect which is composed of six coupled-mode equations.
signal of various frequencids, for E4.=4.9548 kV/cm and  The numerical results of the model exhibit the expected char-
relative amplitudek = E,./E4.=0.2. Figure 2 shows the sta- acteristics of the self-sustained oscillations. The mode-
tionary phase-space trajectory obtained by plotting simultalocking characteristics of systefd) is also calculated. As
neous values of the electric fiel(xy,t) at x,=0.8 L and the frequency of the applied microwave signal is changed, a
the self-sustained oscillating electric fielL(xo,t) at the devil's staircase of frequency-locked oscillations devef3ps.
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