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The influence of the magnetic field on the excitation of plasma waves in InGaAs/AllnAs lattice
matched high electron mobility transistors is reported. The threshold source-drain voltage of the
excitation of the terahertz emission shifts to higher values under a magnetic field increasing from 0
to 6 T. We show that the main change of the emission threshold in relatively low magnetic fields
(smaller than approximately 4 Ts due to the magnetoresistance of the ungated parts of the channel.
In higher magnetic fields, the effect of the magnetic field on the gated region of the device becomes
important. ©2005 American Institute of PhysidDOI: 10.1063/1.1921339

INTRODUCTION The transistor studied in Ref. 3 had the source-to-drain

. lengthLs4=1.3 um and the gate width wa#&/=50 uwm. Such
When a direct current flows through a short-channel,,|” /\ ratio should lead to the appearance of the geometri-

field-effect transistor, the steady state can become unstablg magnetoresistan?:‘é and the suppression of the negative
against the generation of high-frequency plasma wave§iterential conductivity(NDC).8

(Dyakonov-Shur instability"* The transistor channel acts as |y this paper, we report on the effect of the magnetic
a resonant cavity for plasma waves and these plasma Wavgs|q on the terahertz emission from a heterojunction field-

can reach terahertz frequencies for nanosized gate lengthsitect transistor of the same design as in Ref. 3 and show that

The excitation of plasma waves with terahertz frequencieg,e experimental results are consistent with the plasma insta-
was recently successfully demonstrated in heterOJunctlorgi”ty mechanism of the terahertz emission.

field-effect transistor with InsGay47As channel lattice

matched to InB.The terahertz emission repor.ted iq Ref. 3 EXPERIMENTAL RESULTS

had a threshold character as had been predicted in Refs. 1

and 2. The resonant frequency value and its dependence on The active layers of the transistor consisted of a 200-nm

the source-drain bias were in a good agreement with th&losAlosgAs buffer, a 20-nm 1gs4Ga4As channel, a

theory. 5-nm-thick undoped I§sAlg46AS spacer, a silicon delta-
The design of the heterojunction field-effect transistor, indoped layer, a 12-nm-thick 4BAlo 46As barrier layer, and

which terahertz wave radiation was observed in Ref. 3, diffinally, a 10-nm silicon-doped hyGa.4As cap layer. The

fered from the one considered by Dyakonov and Shur. Th@ate lengthLy was 60 nm, the source-drain lendtg; was

theory was developed for a self-aligned transistor where ad-3 um, and the width of the gate wa&#=50 um. The fab-

entire 2DEG channel was under the gate. The transistor ification details are described in Ref. 9.

vestigated in Ref. 3 had long ungated sections between the The magnetic field was perpendicular to the plane of

source and the gated channel and between the drain and tHte two-dimensional electron ga8DEG) for Lsy/W=0.026

gated channel. These sections could influence the develop<l, i.e., under the condition of a strong geometrical

ment of current instability and cause changes of the emissiofagnetoresistance’

spectrunt In this paper, we demonstrate the dominant effect ~ The transistor was placed in a cyclotron emission spec-

of the ungated section on the emission behavior in magnetigometer designed to perform the spectral analysis of the
field. weak terahertz radiatiol. The spectrometer consisted of

two superconducting coils located one above the other and
30n leave from: Institute of Experimental Physics, Warsaw University,mdependem!y powered. The emitted radiation was analyzed
Hoza 69, 00—681 Warsaw, Poland by a magnetlcally tunab_lg InSh c_yclotron resonance detector.
PElectronic mail: knap@univ-montp2.fr The high electron mobility transistdHEMT) and detector
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FIG. 1. Output current-voltage characteristics of the InGaAs/AllnAs ) o
HEMT. T=4.2 K, B=0. The inset shows the spectra of emission from the FIG. 3. AR, as a function of squared magnetic field.
transistor atv4=0.6 V for two values of the gate biagl) Vy=0 and(2)
Vg=—0.07 V.

saturation voltageVs, increases and the saturation current
decreases with a magnetic fieBl At B=2 T, the negative
were both placed into a 22-cm-long copper oversizedlifferential conductivity atV,> Vs, disappears. The disap-
(12-mm diameterwaveguide, so that both of them were in pearance of the negative differential conductivity under the
the centers of the coils. The copper waveguide assured totalagnetic field has been observed in Gunn diodes in Refs. 11
isolation from the background 300 K radiation. and 12 and explained in the frame of a two-valley mddel.
The electron concentration in the channel at the gat&Ve also see that both the emission threshold cuiigrand
voltage Vg=0 (ng=2.4x 10*2cm™) was found from the the emission threshold voltagk, depend on magnetic field.
Shubnikov—de HaagSdH measurements. The mobility Below we will show that these dependencies can be attrib-
value in the ungated part of the chanpgl~2 m?/V s was uted to a strong geometrical magnetoresistance of the un-
determined from the geometrical magnetoresistance. gated regions.
All measurements were carried out®&t4.2 K. The transistor geometrft.q<W) should lead to an in-
The output current-voltage characteristics and the emiserease of the transistor Ohmic resistance in the magnetic
sion spectra of the transistor in the absence of the magnetfield (geometric magnetoresistancé\t Vy=0, neglecting
field are shown in Fig. 1. The transistor threshold voltsige the contribution of the gated part of the channel to the total
was approximately-0.3 V. The gate leakage current did not resistance[Ly/(Lss—Lg)~0.046 we obtain the following
exceed 1.&K10°A at V=0 and 1. 10*A at Vi  equation for geometric magnetoresistafice:
=-0.15 V. The NDC was observed at all gate biases. The _ 2
inset in Fig. 1 shows the terahertz emission spectra measured AR(B) = Red 110B)°,
atVg4=0.6 V for two values of the gate bias. The spectra aravhere AR,(B)=R,(B)—R(0), R(0) is the total resistance be-
similar to those observed in Ref. 3, where they were attribtween source and drain at zero magnetic fi&dB) is the
uted to the plasma-wave emission originating from the retotal resistance in the magnetic field Ry=(Lgy
gion under the gate. —-Lg)/enuW is the resistance of the ungated part of the
The influence of the magnetic field on the outputchanneln, is the electron concentration in the ungated part
current-voltage characteristics of the transistor is shown inf the channel aWy=0, andy, is the electron mobility in
Fig. 2. This change of characteristics under the magnetithe ungated part of the channel. Figure 3 shows the measured
field was typical for all gate biases applied. As seen, thelependence oAR, in the linear regions of current—voltage
characteristics on the squared magnetic field/@t=0. As
seen, the dependenadR,(B?) is linear leading to the mobil-

5t Vgs=0 B0 ity value of about 2 ¥V s. Thus, the effect of the geomet-
i ric magnetoresistance explains the change of the slope of the
4 B=1 linear part ofls(Vsy) dependencies. As shown below, the
€ 3} B=2 decrease of the saturation current and increase of the drain
5 saturation voltage also results from the same effett.
2 5t gfi Figure 4 shows the dependence of the terahertz emission
B=§ intensity on the source-drain voltage at different valueB.of
r ® B=6 During these measurements, the detector integrated the emis-
o - ] ) ) , . sion signal over the entire emission spectrum.
¢ 01 02 03 04 05 06 07 08 One can see that the emission versus applied voltage
VsdV dependence has a threshold character. The emission intensity

fe 2 | . o ) « field in th appears at the threshold voltayg, grows, and then satu-
. 2. Current-voltage characteristics at the magnetic field in the rang ; ot
from 0 to 6 T atVy=0. The filled points on the curves mark the threshold of Fates. The dependenmes are qua“tatlvely the same for all the

terahertz emissiorl,—V,,. The open squares show the predicted values ofvalues of th(‘_:‘ magn_etic field. A general tendency i? thgt the
emission threshold currefisee Discussion sectign. threshold shifts to higher values ¥t and the emission in-
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FIG. 4. Emission intensity as a function of the source-drain bias undef"!G- 5. Voltage drop/, across the gated part of the transistor as a function
magnetic field in the range from 0 to 6 Vy=0. of the magnetic field. The dashed line is an eye guide marking the voltage
level of 50 mV.

tensity in the region of the saturation falls when the magnetic
field increases. However, we note a peculiar behavior of thénstability on the magnetic field can be explained by the
emission for magnetic fields smaller thanl T. In the ab-  Strong effect of the magnetic field on the ungated sections of
sence of the magnetic field, the emission intensity had the device related to the geometrical magnetoresistance.
small maximum at the source-drain bias near the thresholdlowever, as seen from Fig. 5 and discussed below, in high
At B=0.5 T, this maximum becomes more pronounced andnagnetic fields larger than the critical magnetic field on the
atB=1 T, it merges with the increasing part of the curve. Atorder of 4 to 6 T for the device under study, the voltage drop
B>1 T, the whole curve shifts to highaf,, The origin of ~ across the channel should become a strong function of the
this peculiar behavior in small magnetic fields is not clear ugnagnetic field.
to now and requires further investigations. It can be related ~ The effect of the magnetic field on the plasma waves in
to the negative differential resistance that is present in lovthe gated channel can be described using the following hy-
magnetic fields—see Fig. 1. There exists also some possibifirodynamic equations:
ity that a weak magnetic field can lower the plasma instabil- 5
ity threshold voltage/current, due to an increase of the elec- E(_ ﬂ/+ &) _ _ 1)
tron transit time in magnetic field. dx\_ m _ 2) T o

The threshold voltage of the emissi¢chosen to corre-
spond to the detector signal of 10 arbitrary unissindicated
in Fig. 2 by filled dots. The value of/, is close to the de—ylz_,,ch_ﬂ. 2)
saturation voltage of the output characteristigg However, dx T

at B=0 and 1 T, the terahertz emission starts at voltages ) ) ) )

smaller than those corresponding to the current saturatiof/® Should notice that the hydrodynamic equations might not
and to the NDC region of the current—voltage characteristics?€ applicable to the ballistic transistor at cryogenic tempera-
In higher magnetic fields, the emission is still observed, altures, since electron—electron collisions are rare under such

though the NDC disappears. Thus we conclude that the tergonditions. However, a relatively large voltage drop across
hertz emission is not related to the NDC. the channel(50 meV) indicates a certain effect of collisions

We estimated the voltage drop across the region undeéid electron heating in the device channel, which might
the gateV, at the emission threshold using the following bring the eIeptron bghawor closer tp that described by the
equation: Vg, =1, [R.+R{B)]+V, whereR. is the contact hydrodynamlc equations. The equation for the electron de.n-
resistance, Ry(B)=Re0)(1+42B?). The values of R, Sity in the channel follows from the gradual channel approxi-
+R.(B), V,,, andl,, were determined experimentally for the Mationn=C(Ver=V)/e, and the electron flow per unit de-
values ofB from 0 to 6 T and were used to estimatg (see ~ Vice width is given by
Fig. 5. As seen, the value df, is practically constantV, )
~0.05 V) for B<5 T, with the exception of the point & j=nu=CVer—V)ude. 3)

=1 T, which corresponds to the nonmonotonic behavior ofH Vis the ch | botentiad is the electronic ch
the emission threshold at this magnetic field. OnlyBat ereVis the channel potentia is the electronic chargen

=5 T the value ofV, increases. This effect is explained in ISI thte effr?c(t;ved MasSi anld V){ are t:]he c;]ompon_enés/ Of. the
the Discussion section. electron hydrodynamic velocity in the channel,=eB/mis

the cyclotron frequency; is the relaxation timeC is the gate
capacitance per unit aredlgr=Vgs— Vi is the intrinsic gate
voltage swing, an®/gsis the intrinsic gate-to-source voltage

Figure 5 shows that, in moderate magnetic fidloslow  (i.e., Vggis the voltage drop between the gate and the source
4 T), the magnetic field does not affect much the thresholdide of the gated channellhex direction is in the direction
voltage drop across the gated device channel. Based on thif the current flow in zero magnetic field, tlyedirection is
fact, we will show that the measured dependencies of thalong the gate. For a ballistic transistaer-« and Eqs.(1)
threshold voltage and threshold current of the plasma-wavand(2) become

DISCUSSION
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dl ev 2 (shown in Fig. 5. HereVy=Vy—Vy, is the extrinsic gate-to-
dx\ " m 2 = V@, (4) source voltage swinf/ys being the voltage drop between the
gate and source contagtélence, we obtain
dv (B) -V,
&X == . 5 le(B) = C{vgt— = 0}vmw. (12)
The integration of Eq(5) yields This equation explains the observed decrease of the thresh-
_ old current with the magnetic field. This decrease is caused
vy =~ oX. (6)

by the decrease of the intrinsic gate-to-source voltage
Here we assume that the carrier concentration in the ungatedsgB) =V, Vs((B) —Vo/2, due to an increase of the voltage
regions is very high compared to that in the gate section, androp, (Vq4—Vy)/2, across the source series resistance caused
1(0) is small, wherex=0 corresponds to the source side of by the geometric magnetoresistance. The valuek,gfre-

the gated channel. Substituting from Eq. (6) andV from dicted by Eq.(12) are shown in Fig. Zfilled circles) As

Eqg. (3) into Eqg. (4) and integrating the resulting equation seen, the agreement with the measured values is fairly good.

yields The calculations were done fof;=0.3 V andV,=50 mV,
s 2 2.9 using the measured values \&f,(B).
& 9K + const. (7) Since the magnetic field decreases the electron concen-
mCry 2 2 tration in the gated channel, we expect that the peak of the

The voltage drop across a ballistic channel is negligible Com_emission spectrum should be redshifted in the magnetic field

pared toVsr and Ve, and, to the first order, we can assume (S€€ and compare with the insert in Fig. As it is seen in

that », is constant along the ballistic gated channel, wherf19- 2, the integrated signal of emission could be observed at
B=0. Therefore] =V /Ry, WhereVyis the extrinsic drain- magnetic fields up to 6 T. However, the detector sensitivity

to-source voltage an@, is the sum of source and drain Was not sufficient to resolve the changes in the emission

series resistance®.=Rs+Ry), and the electron concentra- SPECtra.
tion and hydrodynamic velocities in the channel in zero mag-
netic field are given by CONCLUSIONS

I We have studied the influence of the magnetic field on
= CVoW' (8) the excitation of plasma waves in InGaAs/AllnAs lattice

cT matched high electron mobility transisto(slEMTs). The
respectively. These equations also hold whmﬁLS/Z threshold source-drain voltage of the excitation of the tera-
<eVgr, Wherelq is the gate length. We can now introduce ahertz emission shifted to higher values and the instability
characteristic magnetic field found from the conditionthreshold current decreased with the magnetic field increas-

n= CVG'[le, Py

MwiL5/2=eVsr, and given by ing from0to 6 T.
The observed terahertz emission persists when the nega-
B = /2m_VGT_ (9) tive differential conductivity is suppressed by the magnetic
eLS field, and hence, it is not related to the negative differential

conductivity region.

For B=B’, the radius of the electron fluid trajectory be- This i ¢ the threshold volt d the d
comes comparable to the channel length; the channel resis- IS Increase of the threshold voltage and the decrease
f the threshold current in magnetic fields below 4 T are

tance should sharply increase. As a result, the magnetic field lained in f th trical t ist f
B=B" causes a large voltage drbj across the channel. For explained In terms ot the geometrical magnetoresistance o

the device under studyn/my~0.04,Vgr~0.1 V at 3 T, and :ongt ungfltef_rs?ﬁtlons of t?e iLar;&stotr. Ilt Ifh shcl>wn that at
Ly~6x10®8m, leading toB"~3.5 T, in good agreement te?s l:ﬁ oh di ethpara?e erd at contro fh € p:ezjsma.exm-f
with the data shown in Fig. 5. ation threshold is the voltage drop across the gated region o

In the magnetic field smaller thai, we can neglect the the transistor. The hydrodynamic model predicts that mag-
effect of the magnetic field on the potential drop across thdretic fields higher than a C““C?' magnetic field ShOUId.
channel, and hence, the instability threshold voltugeB) strongly affect the plasma waves in the gated channel. This

and the threshold currei.(B) in the magnetic field can be predicted critical value is consistent with the measured value
found from the following équationS' of the magnetic field at which the voltage drop across the

gated channel significantly increases.
Ver(B) =V + Ry(B)l(B),  1¢(B) = CVgrrW. (10
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