Experimental investigation of magnetostatic surface wave amplification in
GaAs-yttrium iron garnet layered structure
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This paper describes the experimental results of the active interaction between drifting electron
streams in n-GaAs and magnetostatic surface waves propagating on a relatively thin yttrium iron
garnet (YIG) slab. A large relative gain of up to 17 dB is attained at a delay time of 0.15 s by fine
adjustment of this novel coupled system. This result corresponds to almost recovering the loading
loss of the semiconductor in the whole delay time range observed. The effect of temperature on the
amplifying characteristics is also studied by varying the repetition frequency in the pulse

experiment.

PACS numbers: 84.30.Le, 85.30. — z, 85.70.Ge, 85.70.Kh

' The magnetostatic surface wave (MSSW) amplification
by drifting carrier streams in a semiconductor-yttrium iron
garnet (YIG) layered system has been discussed theoretically
by a number of investigators."~> However the gain obtained
in the other experiments*® so far is very small, because the
interaction between the MSSW in a thick slab of YIG (0.5-1
mm) and the carrier wave in Ge is weak. In order to get a
large gain, it is necessary to use a high mobility semiconduc-
tor, for instance, GaAs at room temperature and a thin YIG
slab with low loss, as pointed out already in the theoretical
investigation.”

We describe here the amplifying characteristics of the
MSSW obtained in the novel layered structure composed of
a n-GaAs slab with a higher drift velocity of electrons and a
relatively thin YIG slab (0.09 mm) having a slower MSSW
phase velocity. We have varied the thickness of the spacer
between YIG and GaAs in order to find optimum coupling
conditions. In the coupled systems with adjusted para-
meters, a maximum relative gain of 17 dB is obtained at a
delay time 7 = 0.15 us, and the loading loss of the semicon-
ductor is almost recovered by the amplification in the range
7=0.1 — 0.7 us. The heat generation in semiconductor
samples is one of the major problems in actual device devel-
opment, so we investigated the effect of temperature on the
amplifying phenomenon by changing the repetition frequen-
cy of drifting electric pulse with a constant pulse width. The
small positive gain obtained in our experiments is the first
such result, to our knowledge, concerning gain in the magne-
tostatic wave amplifier.

Our interaction system schematically shown in Fig. 1 is
composed of a GaAs slab, a dielectric spacer, and a YIG
slab. The dimension of the YIG slab s 8 X 43<0.09 mm?, the
saturation magnetization 47Ms = 1750 G, and the ferro-
magnetic resonance line width AH = 0.5 Oe. The semicon-
ductor used here is a bulk crystal of n-GaAs having the fol-
lowing  physical  parameters: electron  density
n, = 8.1X10"°/cm® and electron mobility z, = 6.13x 10?
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cm’/V satroom temperature. Twelve GaAs specimens hay-
ing different sizes (length 2-5 mm and width 0.5-2.0 mm)
and the same thickness, about 80 zm, were fabricated. These
were combined with the YIG slab. The resistance of these
GaAs specimens ranged from about 40 to 240 £2 and their J-
V characteristics revealed essentially straight lines in the ap-
plied voltage range ¥ = 0 —700 V. The prepared dielectrical
spacers were of four thicknesses: 155, 115, 74, and 65 Lm.
The materials used were glass for the 155-um spacer and
Polyimide plastics for the others. The latter has a dielectric
constant €, = 2.6 and a loss tan § = 2X 10~ in the vicinity
of the operation frequency. The excitation and detection of
the MSSW are done by attaching an 80-um-diam gold wire
to the YIG surface. In the configuration of Fig. 1, the direc-
tion of electron drift indicated by v, corresponds to the posi-
tive interaction.

Our amplification experiments were carried out by the
pulse method.® A microwave signal modulated by a pin di-
ode was fed to the input coupler, and the MSSW output was

FIG. 1. A schematic configuration of the interaction system. The electron
drift direction is the same as that of the phase velocity of MSSW. Only this
direction gives the positive interaction (amplification), which is also indicat-
ed in the figure by v,.
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FIG. 2. Insertion loss as a function of the delay time of MSSW with the
electron drift velocity, namely applied electric field, as a parameter; GaAs
specimen is No. 4, f=4.2 GHz, P,, =7 dBm, T = 1.2 us, and f, = 200
Hz. Spacer thickness r, = 65 um.

downconverted to intermediate frequency (IF) and detected
where the electric fields synchronized with microwave
pulses were applied to GaAs. The loss variations of MSSW
associated with the interaction were recorded. In the experi-
ments, the following conditions were employed: operation
frequency f= 3.6 - 4.3 GHz, input power P,, =7 dBm,
pulse width of pin diode 7,,, = 0.1 us and pulse width of

drift voltage 7,, = 0.6-1.4 us. The repetition frequency £,
was properly selected in the range 10 to 500 Hz.

Figure 2 shows the variation of an insertion loss corre-
sponding to the gain factor as a function of MSSW delay
time, with the electric field strength £, in GaAs as a param-
eter. The data were obtained when the spacer thickness was
64 um and the semiconductor size was 5 0.5x0.08 mm?
(No. 4 specimen). These dimensions were carefully selected
S0 as to increase the gain by combining the spacer and the
GaAs slab with a relatively narrow width to decrease the
semiconductor loading loss.

When the GaAsis loaded on the YIG slab, the loss level
which appeared at E; = 0, as shown in Fig. 2, increases from
that with YIG alone. Then the increased losses are gradually
recovered as E, increases and the relative gain G, = 17dB is
obtained at a delay time 7= 0.15 us for E, =2.5kV/cm,
But G, decreases to about 7 dB as 7 is increased to 0.7 us. The
loss of the amplified MSSW is thus finally restored to almost
that of the equal YIG alone. Measured data of gain, as a

function of E,, agree qualitatively with theoretical result.

Figure 3 shows the detected MSSW IF output oscillo

scope traces together with the drifting pulses corresponding
to the results of Fig. 2. Since the coupling loss is as low as
about 10 dB, the drift leakages between couplers are almost
entirely suppressed in these tracers. For both 7 = 0.2 and 0.4
s, the amplitudes of the MSSW become larger as E; in-
creases, but G, is not linear in E,,. It usually shows a tenden-
¢y to become saturated with E,. According to the theory,?
G, is proportional to the drift velocity v, (u, E,) of electron
carrier streams. Since v, is not linear in £, for high E,, the
gain profile has a tendency to saturate in the high E 4 Tegion.
Increasing the input bias power contributes to broadening
out AH through the temperature increase and facilitates the
saturation of gain.

Finally, we describe briefly the effect of temperature in
this type of interaction. The repetition frequency was, so far,
usually selected as several tens of hertz.>® We have investi-
gated this effect by examining the experiments with various
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repetition frequencies under constant strength and pulse du-
ration of drifting voltage. The saturation of G, with E, took
place more rapidly as £, increased, in other words, the value
of E,; giving maximum G, was found to decrease gradually.
For example, in the coupling system utilizing No. 10 GaAs
specimen (4 X 1X0.06 mm®), E, (G, ... ) has fallen from 1.75
kV/cm at f, = 10 Hz to 1.0 kV/cm at f, =400 Hz for
7 = 0.15 ps microwave signal, where G, .. = 7.5 dB was
almost constant. This property indicates the presence of a
maximum power loss in the GaAs sample which is of the
thermal threshold type. If this is true, it is reasonable to
assume that G, saturates at lower E, as £, is increased, be-
cause the increase in f, is equal to the increase of power
injected per unit time.

As mentioned above, we have observed a strong and
convincing interaction between a MSSW ferrite-air mode
and electron drifting streams in the GaAs-YIG novel hybrid
system. Although important information for designing this
type of device was obtained here anew, the insertion loss

5981 J. Appl. Phys., Vol. 53, No. 8, August 1982

level of the system attained by the amplification is still large
compared with the usual microwave amplifier. In order to
decrease the loss of the system further by a stronger interac-
tion, we will, in the next step, adopt low-loss liquid-phase
epitaxial YIG films with microstrip transducers and high-
mobility epitaxial GaAs specimens.
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