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The influence of the magnetic field on the excitation of plasma waves in InGaAs/AlInAs 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
ssmaller than approximately 4 Td is 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 Physics. fDOI: 10.1063/1.1921339g

INTRODUCTION

When a direct current flows through a short-channel
field-effect transistor, the steady state can become unstable
against the generation of high-frequency plasma waves
sDyakonov–Shur instabilityd.1,2 The transistor channel acts as
a resonant cavity for plasma waves and these plasma waves
can reach terahertz frequencies for nanosized gate lengths.
The excitation of plasma waves with terahertz frequencies
was recently successfully demonstrated in heterojunction
field-effect transistor with In0.53Ga0.47As channel lattice
matched to InP.3 The terahertz emission reported in Ref. 3
had a threshold character as had been predicted in Refs. 1
and 2. The resonant frequency value and its dependence on
the source-drain bias were in a good agreement with the
theory.

The design of the heterojunction field-effect transistor, in
which terahertz wave radiation was observed in Ref. 3, dif-
fered from the one considered by Dyakonov and Shur. The
theory was developed for a self-aligned transistor where an
entire 2DEG channel was under the gate. The transistor in-
vestigated in Ref. 3 had long ungated sections between the
source and the gated channel and between the drain and the
gated channel. These sections could influence the develop-
ment of current instability and cause changes of the emission
spectrum.4 In this paper, we demonstrate the dominant effect
of the ungated section on the emission behavior in magnetic
field.

The transistor studied in Ref. 3 had the source-to-drain
lengthLsd=1.3 mm and the gate width wasW=50 mm. Such
anLsd/W ratio should lead to the appearance of the geometri-
cal magnetoresistance5–7 and the suppression of the negative
differential conductivitysNDCd.8

In this paper, we report on the effect of the magnetic
field on the terahertz emission from a heterojunction field-
effect transistor of the same design as in Ref. 3 and show that
the experimental results are consistent with the plasma insta-
bility mechanism of the terahertz emission.

EXPERIMENTAL RESULTS

The active layers of the transistor consisted of a 200-nm
In0.52Al0.48As buffer, a 20-nm In0.53Ga0.47As channel, a
5-nm-thick undoped In0.52Al0.48As spacer, a silicon delta-
doped layer, a 12-nm-thick In0.52Al0.48As barrier layer, and
finally, a 10-nm silicon-doped In0.53Ga0.47As cap layer. The
gate lengthLg was 60 nm, the source-drain lengthLsd was
1.3 µm, and the width of the gate wasW=50 mm. The fab-
rication details are described in Ref. 9.

The magnetic fieldB was perpendicular to the plane of
the two-dimensional electron gass2DEGd for Lsd/W=0.026
!1, i.e., under the condition of a strong geometrical
magnetoresistance.5–7

The transistor was placed in a cyclotron emission spec-
trometer designed to perform the spectral analysis of the
weak terahertz radiation.10 The spectrometer consisted of
two superconducting coils located one above the other and
independently powered. The emitted radiation was analyzed
by a magnetically tunable InSb cyclotron resonance detector.
The high electron mobility transistorsHEMTd and detector
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were both placed into a 22-cm-long copper oversized
s12-mm diameterd waveguide, so that both of them were in
the centers of the coils. The copper waveguide assured total
isolation from the background 300 K radiation.

The electron concentration in the channel at the gate
voltage Vgs=0 sn0=2.431012 cm−2d was found from the
Shubnikov–de HaassSdHd measurements. The mobility
value in the ungated part of the channelm0<2 m2/V s was
determined from the geometrical magnetoresistance.

All measurements were carried out atT=4.2 K.
The output current–voltage characteristics and the emis-

sion spectra of the transistor in the absence of the magnetic
field are shown in Fig. 1. The transistor threshold voltageVth

was approximately20.3 V. The gate leakage current did not
exceed 1.6310−6 A at Vgs=0 and 1.7310−4 A at Vgs

=−0.15 V. The NDC was observed at all gate biases. The
inset in Fig. 1 shows the terahertz emission spectra measured
at Vsd=0.6 V for two values of the gate bias. The spectra are
similar to those observed in Ref. 3, where they were attrib-
uted to the plasma-wave emission originating from the re-
gion under the gate.

The influence of the magnetic field on the output
current-voltage characteristics of the transistor is shown in
Fig. 2. This change of characteristics under the magnetic
field was typical for all gate biases applied. As seen, the

saturation voltageVsat increases and the saturation current
decreases with a magnetic fieldB. At Bù2 T, the negative
differential conductivity atVsd.Vsat disappears. The disap-
pearance of the negative differential conductivity under the
magnetic field has been observed in Gunn diodes in Refs. 11
and 12 and explained in the frame of a two-valley model.13

We also see that both the emission threshold currentIcr and
the emission threshold voltageVcr depend on magnetic field.
Below we will show that these dependencies can be attrib-
uted to a strong geometrical magnetoresistance of the un-
gated regions.

The transistor geometrysLsd!Wd should lead to an in-
crease of the transistor Ohmic resistance in the magnetic
field sgeometric magnetoresistanced. At Vgs=0, neglecting
the contribution of the gated part of the channel to the total
resistancefLg/ (Lsd−Lg)<0.046g we obtain the following
equation for geometric magnetoresistance:5–7

DRtsBd = Rsdsm0Bd2,

whereDRt(B)=Rt(B)−Rt(0), Rt(0) is the total resistance be-
tween source and drain at zero magnetic field,Rt(B) is the
total resistance in the magnetic field,Rsd=sLsd

−Lgd /en0m0W is the resistance of the ungated part of the
channel,n0 is the electron concentration in the ungated part
of the channel atVgs=0, andm0 is the electron mobility in
the ungated part of the channel. Figure 3 shows the measured
dependence ofDRt in the linear regions of current–voltage
characteristics on the squared magnetic field atVgs=0. As
seen, the dependenceDRtsB2d is linear leading to the mobil-
ity value of about 2 m2/V s. Thus, the effect of the geomet-
ric magnetoresistance explains the change of the slope of the
linear part of IsdsVsdd dependencies. As shown below, the
decrease of the saturation current and increase of the drain
saturation voltage also results from the same effect.11,12

Figure 4 shows the dependence of the terahertz emission
intensity on the source-drain voltage at different values ofB.
During these measurements, the detector integrated the emis-
sion signal over the entire emission spectrum.

One can see that the emission versus applied voltage
dependence has a threshold character. The emission intensity
appears at the threshold voltageVcr, grows, and then satu-
rates. The dependencies are qualitatively the same for all the
values of the magnetic field. A general tendency is that the
threshold shifts to higher values ofVsd and the emission in-

FIG. 1. Output current–voltage characteristics of the InGaAs/AlInAs
HEMT. T=4.2 K, B=0. The inset shows the spectra of emission from the
transistor atVsd=0.6 V for two values of the gate bias:s1d Vgs=0 ands2d
Vgs=−0.07 V.

FIG. 2. Current–voltage characteristics at the magnetic field in the range
from 0 to 6 T atVgs=0. The filled points on the curves mark the threshold of
terahertz emission,Icr–Vcr. The open squares show the predicted values of
emission threshold currentssee Discussion section.d

FIG. 3. DRt as a function of squared magnetic field.
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tensity in the region of the saturation falls when the magnetic
field increases. However, we note a peculiar behavior of the
emission for magnetic fields smaller than,1 T. In the ab-
sence of the magnetic field, the emission intensity had a
small maximum at the source-drain bias near the threshold.
At B=0.5 T, this maximum becomes more pronounced and
at B=1 T, it merges with the increasing part of the curve. At
B.1 T, the whole curve shifts to higherVsd. The origin of
this peculiar behavior in small magnetic fields is not clear up
to now and requires further investigations. It can be related
to the negative differential resistance that is present in low
magnetic fields—see Fig. 1. There exists also some possibil-
ity that a weak magnetic field can lower the plasma instabil-
ity threshold voltage/current, due to an increase of the elec-
tron transit time in magnetic field.

The threshold voltage of the emissionschosen to corre-
spond to the detector signal of 10 arbitrary unitsd is indicated
in Fig. 2 by filled dots. The value ofVcr is close to the
saturation voltage of the output characteristicsVsat. However,
at B=0 and 1 T, the terahertz emission starts at voltages
smaller than those corresponding to the current saturation
and to the NDC region of the current–voltage characteristics.
In higher magnetic fields, the emission is still observed, al-
though the NDC disappears. Thus we conclude that the tera-
hertz emission is not related to the NDC.

We estimated the voltage drop across the region under
the gateV0 at the emission threshold using the following
equation:Vcr= IcrfRc+RsdsBdg+V0, where Rc is the contact
resistance, RsdsBd=Rsds0ds1+m2B2d. The values of Rc

+RsdsBd, Vcr, andIcr were determined experimentally for the
values ofB from 0 to 6 T and were used to estimateV0 ssee
Fig. 5d. As seen, the value ofV0 is practically constantsV0

<0.05 Vd for B,5 T, with the exception of the point atB
=1 T, which corresponds to the nonmonotonic behavior of
the emission threshold at this magnetic field. Only atB
ù5 T the value ofV0 increases. This effect is explained in
the Discussion section.

DISCUSSION

Figure 5 shows that, in moderate magnetic fieldssbelow
4 Td, the magnetic field does not affect much the threshold
voltage drop across the gated device channel. Based on this
fact, we will show that the measured dependencies of the
threshold voltage and threshold current of the plasma-wave

instability on the magnetic field can be explained by the
strong effect of the magnetic field on the ungated sections of
the device related to the geometrical magnetoresistance.
However, as seen from Fig. 5 and discussed below, in high
magnetic fields larger than the critical magnetic field on the
order of 4 to 6 T for the device under study, the voltage drop
across the channel should become a strong function of the
magnetic field.

The effect of the magnetic field on the plasma waves in
the gated channel can be described using the following hy-
drodynamic equations:

d

dx
S−

eV

m
+

nx
2

2
D = nyvc −

nx

t
, s1d

nx
dny

dx
= − nxvc −

ny

t
. s2d

We should notice that the hydrodynamic equations might not
be applicable to the ballistic transistor at cryogenic tempera-
tures, since electron–electron collisions are rare under such
conditions. However, a relatively large voltage drop across
the channels50 meVd indicates a certain effect of collisions
and electron heating in the device channel, which might
bring the electron behavior closer to that described by the
hydrodynamic equations. The equation for the electron den-
sity in the channel follows from the gradual channel approxi-
mation n=CsVGT−Vd /e, and the electron flow per unit de-
vice width is given by

j = nnx ; CsVGT − Vdnx/e. s3d

HereV is the channel potential,e is the electronic charge,m
is the effective mass,nx and ny are the components of the
electron hydrodynamic velocity in the channel,vc=eB/m is
the cyclotron frequency,t is the relaxation time,C is the gate
capacitance per unit area,VGT=VGS−Vth is the intrinsic gate
voltage swing, andVGS is the intrinsic gate-to-source voltage
si.e., VGS is the voltage drop between the gate and the source
side of the gated channeld. Thex direction is in the direction
of the current flow in zero magnetic field, they direction is
along the gate. For a ballistic transistor,t→` and Eqs.s1d
and s2d become

FIG. 4. Emission intensity as a function of the source-drain bias under
magnetic field in the range from 0 to 6 T,Vgs=0.

FIG. 5. Voltage dropV0 across the gated part of the transistor as a function
of the magnetic field. The dashed line is an eye guide marking the voltage
level of 50 mV.
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d

dx
S−

eV

m
+

nx
2

2
D = nyvc, s4d

dny

dx
= − vc. s5d

The integration of Eq.s5d yields

ny = − vcx. s6d

Here we assume that the carrier concentration in the ungated
regions is very high compared to that in the gate section, and
nys0d is small, wherex=0 corresponds to the source side of
the gated channel. Substitutingny from Eq. s6d and V from
Eq. s3d into Eq. s4d and integrating the resulting equation
yields

e2j

mCnx
+

nx
2

2
= −

vc
2x2

2
+ const. s7d

The voltage drop across a ballistic channel is negligible com-
pared toVGT andVsd, and, to the first order, we can assume
that nx is constant along the ballistic gated channel, when
B=0. Therefore,I <Vsd/Rsd, whereVsd is the extrinsic drain-
to-source voltage andRsd is the sum of source and drain
series resistancessRsd=Rs+Rdd, and the electron concentra-
tion and hydrodynamic velocities in the channel in zero mag-
netic field are given by

n = CVGT/e, nx =
I

CVGTW
, s8d

respectively. These equations also hold whenmvc
2Lg

2/2
!eVGT, whereLg is the gate length. We can now introduce a
characteristic magnetic field found from the condition
mvc

2Lg
2/2=eVGT, and given by

B* =Î2mVGT

eLg
2 . s9d

For BùB* , the radius of the electron fluid trajectory be-
comes comparable to the channel length; the channel resis-
tance should sharply increase. As a result, the magnetic field
BùB* causes a large voltage dropV0 across the channel. For
the device under study,m/m0,0.04,VGT,0.1 V at 3 T, and
Lg,6310−8 m, leading toB* ,3.5 T, in good agreement
with the data shown in Fig. 5.

In the magnetic field smaller thanB* , we can neglect the
effect of the magnetic field on the potential drop across the
channel, and hence, the instability threshold voltageVcrsBd
and the threshold currentIcrsBd in the magnetic field can be
found from the following equations:

VcrsBd = V0 + RsdsBdIcrsBd, IcrsBd = CVGTncrW. s10d

Hence,

IcrsBd = CfVgt − IcrsBdRssBdgncrW. s11d

Here ncr is the effective electron velocity in the channel at
the instability thresholdsswhich, according to Ref. 2, is on
the order ofL /2t, wheret is the electron scattering timed.
RssBd<RsdsBd /2 is the source series resistance, andV0

=VcrsLd−Vcrs0d is the intrinsic emission threshold voltage

sshown in Fig. 5d. HereVgt=Vgs−Vth is the extrinsic gate-to-
source voltage swingsVgs being the voltage drop between the
gate and source contacts.d Hence, we obtain

IcrsBd = CFVgt −
VcrsBd − V0

2
GVcrW. s12d

This equation explains the observed decrease of the thresh-
old current with the magnetic field. This decrease is caused
by the decrease of the intrinsic gate-to-source voltage
VGSsBd=Vgs−VsdsBd−V0/2, due to an increase of the voltage
drop, sVsd−V0d /2, across the source series resistance caused
by the geometric magnetoresistance. The values ofIcr pre-
dicted by Eq.s12d are shown in Fig. 2sfilled circles.d As
seen, the agreement with the measured values is fairly good.
The calculations were done forVgt=0.3 V andV0=50 mV,
using the measured values ofVcr(B).

Since the magnetic field decreases the electron concen-
tration in the gated channel, we expect that the peak of the
emission spectrum should be redshifted in the magnetic field
ssee and compare with the insert in Fig. 1d. As it is seen in
Fig. 2, the integrated signal of emission could be observed at
magnetic fields up to 6 T. However, the detector sensitivity
was not sufficient to resolve the changes in the emission
spectra.

CONCLUSIONS

We have studied the influence of the magnetic field on
the excitation of plasma waves in InGaAs/AlInAs lattice
matched high electron mobility transistorssHEMTsd. The
threshold source-drain voltage of the excitation of the tera-
hertz emission shifted to higher values and the instability
threshold current decreased with the magnetic field increas-
ing from 0 to 6 T.

The observed terahertz emission persists when the nega-
tive differential conductivity is suppressed by the magnetic
field, and hence, it is not related to the negative differential
conductivity region.

This increase of the threshold voltage and the decrease
of the threshold current in magnetic fields below 4 T are
explained in terms of the geometrical magnetoresistance of
long ungated sections of the transistor. It is shown that at
least up to 4 T the parameter that controls the plasma exci-
tation threshold is the voltage drop across the gated region of
the transistor. The hydrodynamic model predicts that mag-
netic fields higher than a critical magnetic field should
strongly affect the plasma waves in the gated channel. This
predicted critical value is consistent with the measured value
of the magnetic field at which the voltage drop across the
gated channel significantly increases.
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