
Vol . 103 (2003) A CTA PHY SIC A POLO NIC A A No . 6

P ro ceed i ng s o f t h e XXX I I I n t ern at io n al Sch oo l o f Sem icond uct i ng Co m p ou n ds, Ja szo wi ec 200 3

M agnet ocon duct iv it y of G aA s

T ran sistors as De te ctors

of T H z R ad iation

J . Êusak ow sk i a , W. K napb, E. Ka mi¥ ska c , A . Pi o t row skac

and V . Gav ri l enk o d

a I nst i tut e of Experi ment al Physics, Uni versi ty of Warsaw

Hoâa 69, 00-681 Warsaw, Poland
b GES{ CN R S | Uni versi tÇe Mo ntp ell ier 2, 34900 Mo ntp ell ier, France

c Insti tute of El ectron T echnology, al. Lo tni k§w 32/ 46, 02-668 Warsaw, Poland
d IPM, R ussian Aca dem y of Sciences, GSP-105, Ni znij No vgorod, 603950, Russia

M agnet ot ran sport character isation of Ùeld e˜ect transistors pro cessed

on Ga As/GaA lA s heterostr ucture w as done at 4.2 K for magnetic Ùelds ( B )
up to 7 T . T hree Ùeld e˜ect transistors were pro cessed on a single dice and
di˜ered by the length (L ) of the gate. Electron mobility ( ñ ) in Ùeld e˜ect
transistors was estimated from dependence of transistor ' s conducti vi ty vs. B .

T he results show a decrease in ñ w ith decreasing L that suggests that scat -
tering by edges of the gated part of a transistor limits the electron mobility .

Quality factor (Q ) of transistors as resonant detectors of T H z radiation w as
calculated . A high value of Q show s that such Ùeld e˜ect transistors w ith
sub- micron L are promising devices that can operate at T H z frequencies.

PAC S numb ers: 72.30.+ q, 73.61.Ey

1. I n t rod uct io n

D evelopm ent of semiconducto r sources and detecto rs tha t can operate at
THz range of the electrom agneti c spectrum is im porta nt from the point of vi ew
of techni cal and basic research reasons. Energy of m any exci ta ti ons in condensed
m atter (l ike phonons or cyclotro n resonance rela ted tra nsi ti ons) corresp onds to thi s
frequency range. THz radi ati on becom esan al terna ti ve for a non-destructi ve ti ssue
inv estigati on in medicine and biology [1]. Co nstructi on of a tra nsistor operati ng
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at THz frequency is also a goal tha t woul d enable pro ducti on of fast pro cessors
overcoming to day 's l im it.

One of l ines of research concentra tes on generati on and detecti on of THz
radi ati on by Ùeld e˜ect tra nsistors (FETs) wi th gates of a sub-m icron length, L .
The underl yi ng idea is based on a theo reti cal predi cti on pro posed by D yakonov
and Shur [2, 3] who showed tha t a form al descripti on of an electron plasma Ûow in
a ball isti c FET is identi cal to hydro dyna mic equati ons f or shallow water. It fol lows
tha t pl asma wa ves can be generated in such a devi ce and thei r am pl i tude wi l l grow
due to subsequent reÛections f rom tra nsistor' s bounda ries. Plasma oscil lati ons in
a FET m ean periodic changes of sheet charge density coupl ed wi th sim ul ta neous
changes of the im age charge. Thi s form s an oscil lati ng dipole tha t can be both a
source and a detecto r of the electro magneti c radiati on. An e£ ci ent perform ance
of such a devi ce requi res a high value of the qual i ty facto r Q = ! 0 § , where ! 0 i s
the funda menta l frequency of the oscil lati ons and § i s the electron scatteri ng ti m e.
Appro xi matel y, in a FET wi th a gate of the length L ; ! 0 = ¤ s=( 2 L ) , where s i s
a velocity of plasma wa ves. On the other hand, s depends on the carri er density
in the tra nsistor' s channel , n , and the gate- to -channel capacita nce per uni t area
(C = "" 0 =d ) : s =

p
e2 n= ( mC ) , where e and m are the electron charge and the

e˜ecti ve m ass, respectivel y, " i s a di electri c consta nt and d i s the gate to channel
di stance. In the gradual channel appro xi mati on, the carri er density in the channel
is related to the gate-to -source vol ta ge, U gs , by the relati on n = C U 0 =e, where
U 0 i s the gate- to -channel vo l tage swing, U 0 = U gs À U t h , and U th i s the thresho ld
vo l tage. Using typi cal values of m and n , one can estim ate tha t to get emission
and/ or detecti on of THz radiati on one needs a tra nsistor wi th a very short gate,
below 1 ñ m.

An importa nt point to be stressed is tha t both generati on of radiati on and
detecti on of externa l signals by exci ta ti on of the plasma wa ves is resonant, i .e.
i t should occur at frequency ! 0 and i ts harm onics. Al so, these frequenci es are
tunea ble by the gate vo l tage, since n depends on U 0 . Thi s m akes such devi ces a
pro mising to ol convenient in appl icati ons. Ho wever, al tho ugh the theory sketched
above has been kno wn for 10 years now, only resonant detecti on of THz radi ati on
has been reported so far [4{ 6].

Co mbining the above relati ons, one concl udes tha t Q depends, essential ly, on
two param eters: the electron concentra ti on n (determ ining ! 0 ) and the mobi l it y ñ

(determ ining § ). It fol lows tha t determ inati on of n and ñ i s cruci al from the point
of vi ew of characteri sati on of a FET as a plasma devi ce. In the present paper we
present how these parameters can be evaluated by low-tem perature m agneto tra ns-
port m easurements.

Ma gneto conducti vi ty tensor, ¥ , relates the current density , j , wi th the elec-
tri c Ùeld, E, by the relati on: j = ¥ E , wi th ¥ x x = ¥ 0 =(1 + ñ 2 B 2 ) and ¥ x y =

¥ 0 ñB =(1 + ñ 2 B 2 ) given by the D rude{ Bol tzm ann theo ry . These equati ons m ust be
suppl ied wi th appro pri ate bounda ry condi ti ons. In the case of a Hal l bar (L ƒ D ,
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where D i s a latera l dim ension of a sam pl e), one requi res j y = 0 whi ch leads
to zero m agneto resistance: E x = j x =¥ 0 . A tra nsistor' s geometry is the opp osite
case: L § D , and the bounda ry condi ti on is E y = 0 whi ch m eans tha t no Hal l
vo l tage is created because i t is short- circui ted by wi de current- suppl yi ng conta cts.
Thi s geometry is sim i lar to tha t of the Corbi no disk. In such a case, the so-cal led
geometri cal magneto resistance develops and E x = j x (1 + ñ 2 B 2 ) =¥ 0 .

2 . E x per i m ent an d r esu l ts

The m easurements were carri ed out at 4.2 K on a dice cut from a wafer of
GaAs/ GaAl As m odul atio n-doped heterostructur e. Three tra nsistors, T1 , T4 , and
T3 wi th L = 0 : 8 , 1.5, and 2.5 ñ m , respecti vely, and a latera l di mension of 1 1 0 ñ m
were pro cessedon the dice. A dra in- to -source di stance was equal to 1 0 ñ m in each
case. A gated Hal l bar structure was also situa ted next to tra nsi stors. Output
characteri sti cs (dra in current, I d , vs. dra in-to -source vol ta ge, U ds ) and tra nsfer
characteri sti cs ( I d vs. gate- to -source vol ta ge, U gs ) were m easured at several values
of the magneti c Ùeld B up to 1 T. The tra nsfer characteri sti cs (m easured in the
case of each tra nsistor at U ds = 20 m V) were used f or determ inati on of a depen-
dence of the conducti vi ty vs. the m agneti c Ùeld at smal l B . Output and tra nsfer
characteri sti cs were m easured also on a Hal l bar structure at U ds = 20 m V (wi th
dra in and source meaning in thi s case current suppl yi ng conta cts) and m easure-
m ents of the Hal l e˜ect were done at U ds = 20 mV and B = 0 : 2 T for di ˜erent
values of the gate- to -source vol tag e. Thi s al lowed to determ ine the concentra ti on
and the mobi l it y in the Hal l bar as a f uncti on of the gate potenti al .

Fig. 1. T ransf er characteristics of investigated transistors and the H all bar at T = 4 :2 K

and B = 0 T . Each curve w as measured at U d s 0 : 02 V and is describ ed by a transistor' s

name and the length L of the gate. The estimated values of threshold voltage are,

resp ectively , {1. 75 V , {0. 4 V , {0. 92 V , and {0. 35 V . T he inset show s linear behaviour of

output characteristics at T : K and B T , for small U .
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The inset in Fi g. 1 shows output characteri sti cs for the m easured devi ces.
For smal l U ds , the characteri sti cs are appro xi matel y l inear, altho ugh for larger
U ds they show a sub- linear shape and even, in som e cases, develop a negati ve
di ˜erenti al conducti vi ty . The value of U ds = 0:02 V was chosen for m easurem ents
of tra nsfer characteri sti cs and m agneti c Ùeld dependence because at thi s bi as a
l ineari ty of output characteri sti c of all gate potenti als and m agneti c Ùelds was
preserved wi th a good accuracy. T ransfer characteri sti cs presented in Fi g. 1 show

Fig. 2. Magnetic Ùeld dep endence of the drain current for di˜erent gate- to- source volt-

ages betw een 0 V (the highest lying curve) to {1 V (the lowest lying curve), every

0. 025 V . T hese curves are vertical sections of a bunch of transf er characteristics show n

in the inset, measured every 0.05 T for B b etw een 0 T and 0. 4 T and every 0.1 T for B

b etw een 0.4 T and 1 T .

Fig. 3. T he inverse of the half w idth of the Lorenzian | li ke dependence of magne-

to conductiv ity , B
À 1

1 = 2
, for the transistors T 1, T 4, and T 3 vs. the sw ing voltage, U 0 . T he

inset show s dep endence of the electron mobili ty and the concentration on the gate volt-

age for the H all bar.
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a system ati c increase in the thresho ld vo l tage wi th decreasing the length of the
gate. A m agneti c Ùeld dependence of tra nsfer characteri stics of the tra nsistor T4
is shown in the inset in Fi g. 2; sim i lar pictures were obta ined f or other devi ces.
Thi s set of characteri sti cs was tra nsform ed into Lorentzi an- like curves shown in
Fi g. 2, where each curve corresp onds to a given gate-to -source vol ta ge. Fi tti ng of
each curve wi th a Lorentz functi on gave a value of i ts hal f wi dth, B 1 = 2 , dependent
on U g s. The Ùtti ng did not involve the smal lest magneti c Ùeld (B < À 0 : 1 T) where
m agneto conducti vi ty is positi ve. An inverse of B 1 = 2 , a quanti t y of dim ension of
m obi l it y, is shown in Fi g. 3 as a f uncti on of the swing vol tag e, U 0 . Fi gure 3 includes
also results of the Ha l l e˜ect m easurements on the Hal l bar. One can see tha t both
the electron mobi l it y and the concentra ti on decreases wi th an increase in the gate
potenti al.

3 . D iscu ssio n

The inset in Fi g. 1 shows tha t in the l inear part of output characteri sti cs,
there is a system ati c increase in the tra nsistor' s resistance wi th decreasing the
gate length (see also the orderi ng of tra nsfer characteri sti cs at U gs = 0 V in
Fi g. 1). Beari ng in m ind tha t apart from the length of the gate, al l the tra nsistors
have the sam e geom etry , we conclude the fol lowi ng. Fi rst, just putti ng m etal l ic
gate on a hetero struc ture inÛuences conducti vi ty of the electrons in the channel .
Ob vi ously, thi s can com e from a decrease in the concentra ti on of electrons and/ or
thei r mobi li t y. Ho wever, an incre ase in the resistance wi th decr easing L contra di cts
sim ple expectati ons whi ch assume a gated region to be a hi gh resistance placed in
series wi th ungated part: in such a case the tra nsi stor' s resistance woul d increase
wi th increasing L . Second, the thresho ld vo l ta ge increases wi th decreasing the
gate' s length. Thi s can be related to a para l lel conducti vi ty tha t the harder to
suppress the shorter is the area where blocking potenti al is appl ied.

T ransfer characteri sti cs presented in the inset in Fi g. 2 show a system ati c
decrease in the conducti vi ty wi th an increase in m agneti c Ùeld, except for the
smal lest B and U gs > À 0:5 V. Thi s positi ve m agneto conducti vi ty is observed
for al l tra nsistors but the magni tude of the e˜ect decreases wi th increasing L .
It is tenta ti vel y attri buted to weak local isati on, but thi s e˜ect was not studi ed
in the present paper. In Fi g. 3 the param eter B À 1

1 = 2
i s plotted as a functi on of

the swing vo l ta ge to gether wi th the resul ts of m obi li t y m easurements carri ed out
on the Hal l bar. Ob vi ously, B À 1

1 = 2
gives an estim ati on of an average m obi l it y in a

tra nsito r. General ly, the observed m agnetoresistance is of a geom etri cal typ e, since
for inv estigated tra nsi tors D =L = 1 1 . A more deta i led di scussion of an inÛuence
of tra nsistor' s geom etry on m agneto conducti vi ty curves can be found in [7]. Let
us note tha t for smal l swing vol ta ge, i.e., for U gs cl ose to the threshold vol ta ge,
the B

À 1

1 = 2
curves coincide for T3 and T4 tra nsistors and the T1 curve seem to

tend to join them , to o. Thi s m eans tha t near the thresho ld gate vo l ta ge when
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tra nsistor' s resistance is determ ined wi th a good appro xi matio n by the gated part
onl y, the electron m obi li ty has a universa l behavi our. The sam eresult was obta ined
previ ously for other GaAs/ GaAl As tra nsistors [7].

An im porta nt result is tha t the mobi l it y decreases wi th an appl ied gate
vo l tage. Such a behavi our is characteri stic not only of tra nsistors but also of a
gated Ha l l bar (see the inset in Fi g. 3). In the latter case, an inÛuence of the gate
potenti al on the electro n mobi li t y and the concentra ti on was obta ined by di rect
m easurements. A decrease in the m obi l it y is accom pani ed by a decrease in electron
concentra ti on tha t drops due to enlargement of a depleti on layer below the gate.
A decrease in the electron mobi li t y can be understo od as a resul t of a decrease
in e£ ciency of screening due to reduced 2D EG density . Sim ilar reasoni ng can be
appl ied to expl ain a decrease in the m obi lit y in the case of tra nsistors.

The value of B À 1

1 = 2
for the tra nsistors and the concentra ti on determ ined f rom

the inv estigati on of the Hal l bar al low us to estim ate the qual i ty facto r for in-
vesti gated tra nsistors as resonant plasma detecto r. Basing on Fi gs. 2 and 3 one
can estim ate thresho ld vo l tages f or the tra nsistors (see the capti on to Fi g. 2) and
one can assume a m obi l it y of 4 m2 / (V s) for all them , to gether wi th the electron
concentra ti on of 8 È 1 0 1 0 cm À 2 . These values lead to curves shown in Fi g. 4. One
can see tha t T1 tra nsi stor (L = 0 : 8 ñ m ) f ulÙls very wel l condi ti ons for resonant
THz pl asma detecti on showi ng a qual i ty f actor of the order of 1 for a frequency
of a f ew THz. On the other hand, the tra nsistor T4 (L = 1 : 5 ñ m ) is on the l im it
of the resonant detecti on in the THz range whi le the tra nsistor T3 (L = 2 : 5 ñ m)
cannot be used as such a devi ce.

Fig. 4. T he quality factor (top) and the resonant frequency (b ottom) of GaA s T1, T 4,

and T 3 transistors.

In concl usion, i t wa s shown tha t hi gh m obi li t y Ùeld e˜ect tra nsistors wi th a
gate length smal ler tha n 1 ñ m fulÙl condi ti ons of resonant detecto rs of THz radi -
ati on. In vi ew of wel l -establ ished technological possibi l iti es of pro ducti on of high
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m obi l it y GaAs devi ces, thi s result shows prom ising perspectives for GaAs-based
THz electroni cs.
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