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H ot -electron no ise is in vesti gated for I nGaA s and InA s quantu m wells
containing a two- dimensional electron gas channel in a pulsed electric Ùeld

applied paralle l to the interf aces. N oise sources resulting from hot- electron
\thermal " motion , electron temp erature Ûuctuation s, and real- space trans-
fer are observed. T he exp erimental results on hot- electron \thermal" noise

are used to estimate energ y relaxation time in the Ùeld range where other
sources do not play any imp ortant role. Measurements of noise anisotropy
in the plane of electron conÙnement are used to discuss real- space-transf er

noise. H igh- frequency noise technique is used to study hot- electron trapping,
and trap lo cation in InA lA s/I nGaA s/I nA l A s heterostructure channels is de-
termined.

PAC S numb ers: 72.20.H t, 72.70.+ m, 73.40.K p

1. I n t rod uct io n

Co mpound semiconducto r hetero structu res conta ininga t wo -dimensional elec-
tro n gas (2DEG ) are of interest for fundam enta l research and for appl icati ons in
ul tra high-speed opto - and micro electroni cs [1]. El ectron heati ng by hi gh electri c
Ùelds appl ied in the pl ane of electro n conÙnement intro duces excess noise such as
hot- electro n \ therm al" noise [2], real -space-tra nsfer noise [2, 3], tra p-related noise
[4] and others. In thi s paper, results for InG aAs and InAs quantum well channels
are presented and discussed in term s of fast ki neti c processes.

2. 2D E G st r uct ur es an d ex p er im enta l

Two typ es of M BE- grown hetero struc tures, nam ely, InAl As/ In x Ga1 À x As/
InAl As and GaSb/ Al Sb/ InAs/ Al Sb/ GaSb, were studi ed [2, 3, 5] (f or 2D EG den-
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sity n and mobi lit y ñ see T ables I and I I). In the In x Ga1 À x As- conta ini ng struc-
tures, the m obi le electrons were suppl ied to the quantum wel l by the donor pl anes
located in the InAl As barri er layer(s), and the wel l depth was changed varyi ng dop-
ing and com positi on x . The latti ce matched hetero struc ture s (13Q) and stra ined
hetero struc ture s (14Q and 15Q) were subcri ti cal ly doped, so tha t at equi l ibri um al l
m obi le electro ns resided in the InG aAs quantum -well channel (the estimated cri ti -
cal donor density for the appearance of two- channel conducti on is ¤ 5 È 1 0 1 2 cm À 2 ,
Fi g. 1). The latti ce-matched InG aAs structure H090 wa s supercri ti cal ly doped,
tha t is, the hi gh-mobi li t y (ñ 1 ) InG aAs channel shared the mobi le electrons wi th

TABLE I
Electron mobility and density at 80 K .

Structure Ref . ñ (80 K ) n (80 K ) ñ (300 K ) n (300 K )

[cm 2
= ( V Â s) ] 10 cm [cm = V s ] cm

13Q [5] 37000 2. 4 10600 2.4

14Q [5] 37000 2. 4 11200 2.3

15Q [5] 11900 4. 3 7260 4.1

InA s/A lSb/GaSb [3] 7260 0. 9 7260 1.5

T ABLE II

Electron mobili ty and density for supercritic all y dop ed InGaA s heterostructure at
300 K .

Structure Ref . ñ ñ ñ n n n

[cm = V s ] [cm = V s ] [cm = V s ]

[cm ] [cm ] [cm ]

H 090 [2] 4500 1200 5000 33 8.5 24.5

Fig. 1. A schematic view of the band diagram at di˜erent donor density for

I nA lA s/I nGaA s/I nA lA s [5] at 80 K ; (1) : cm ; (2) cm ;

(3) : cm .
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the low- mobil it y InAl As channel (ñ 2 ) (Fi g. 1, T able I I, where ñ i s the ẽ ecti ve
m obi l it y).

The second typ e of the investi gated hetero struc ture s were nom inall y un-
doped InAs/ Al Sb/ GaSb havi ng quantum wells for a 2DEG in InAs and for a
two -dim ensional ho le gas (2D HG ) in GaSb. In thi s system , the hole m obi li t y and
density appear to be lower tha n the electron mobi li t y and density [6], and the hole
contri buti on can be neglected in tra nsport and noise experim ents.

Hi gh frequency spectra l noise power P n was m easured in the f requency range
from 220 MH z to 10 GHz usi ng gated m odul ated radi ometer techni que [1]. Un-
der the m atched condi ti ons, the evaluati on of the equivalent hot- electron noise
tem perature T n wa s obta ined from the relati onshi p: T n = P n =k B Â f , where k B i s
the Bol tzm ann constant, and Â f i s the frequency band wi dth. The pul sed electri c
Ùeld was appl ied para l lel to the hetero interf aces. The pul se dura ti on (2 ñ s) and the
repeti ti on rate of the pul ses(75 Hz) were chosen in order to avoid latti ce heati ng.

3. Ho t -el ect ron noi se an d fas t / u l t raf ast pr ocesses in a 2D EG

3.1. Hot -elect ron \t hermal " noi se and real-space t rans fer

In the presence of a su£ cientl y stro ng electri c Ùeld (ho t- electron case), the
Ohm law no longer holds, and the Nyqui st theo rem fai ls. The electro n chaoti c
m oti on causes veloci ty Ûuctua ti ons in al l di recti ons in the plane of electron con-
Ùnement. The associated noise wa s resolved by m easuri ng m icrowave noise in the
di recti on perpendicular and para l lel to the appl ied electri c Ùeld. The data for the
hetero struc ture H0 90 are presented in Fi g. 2.

Fig. 2. T he transverse T ? and longitudi nal T k noise temp erature dep endence on the

applie d electric Ùeld at 300 K for structures H 090 and 15Q [2, 5]. T he solid line curves

represent parab oli c approximations.
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As m enti oned, tw o-channel conducti on ta kes place in the H090 hetero struc -
ture. Cha nnel occupancy Ûuctua ti ons due to real -space tra nsfer contri bute to the
excess noise in the current di recti on [5], and the longi tudi nal noise tem perature
T n k

exceeds the tra nsverse one [2] (Fi g. 2). Noise anisotro py m easurements yi eld
contri buti ons due to hot- electron \ therm al" noise and due to real -space tra nsfer.
The longi tudi nal no ise tem perature T n k for the subcri ti cal ly doped structure 15Q
is about the sam e as T n ? for the supercri ti cal ly doped structure H090 (Fi g. 2).
Thi s gives a stro ng evi dence tha t the real-space-tra nsfer noise is weak in 15Q in
the considered range of the electri c Ùelds.

3.2. H ot-elect ron \c ool ing"

Ho t- electro n \ cool ing" m eans tha t the noise tem perature of the electrons in
the appl ied electri c Ùeld is lower tha n the latti ce tem perature [7]. Thi s phenomenon
wa s observed in InAs/ Al Sb/ GaSb quantum -well hetero struc ture by m easuri ng T n k

at 80 K (Fi g. 3). Indeed, in the range of the electri c Ùelds not exceeding 200 V/ cm,
the hot- electron longi tudi nal no ise tem perature T n k

i s lower tha n the latti ce tem -
perature. At the sam e ti m e, the di ˜erenti al resistance undergoes a considerable
change, whi ch means tha t the electri c Ùeld is strong enough for the non-ohm ic
behavi or to appear.

Fig. 3. Field- dep enden t longitu di nal hot- electron noise temp erature T n for

GaSb/A lSb/I nA s channel and the term C ( T e ) at 300 K [3] .

3.3. Elect ron t rappi ng

The tra di ti onal concept of tra ppi ng is not appl icabl e to a high-density 2D EG
when the Ferm i level is located inside the conducti on band and the tra ps in the



H igh-Frequency N oise Sources in Quant um Wel ls 333

Fig. 4. F requency- dependent longitud in al noise temp erature for InA lA s/I nGaA s/

I nA lA s 2DEG channels [4]. Solid lines are Ùtted Lorent zians.

wel l are com pletel y occupi ed [4]. Measurements of noise at 80 K (Fi g. 4) yi elded
two tra ppi ng ti m e constants: §1 = 1 =(2 ¤ f c1 ) ¤ 40 ps and §2 = 1 =(2 ¤ f c2 ) ¤ 800 ps,
where f c 1 and f c 2 are the cuto ˜ frequenci es for the corresp ondi ng sources of noise.
In the channel of 15Q the electron tra ppi ng ta kes place at equi l ibri um and at
near-equi l ibri um condi ti ons, but in the channel of 13Q and 14Q, the electrons m ust
be hot to be tra pp ed e£ cientl y (E > 1 kV/ cm). Thi s onset Ùeld is lower tha n tha t
for the real -space tra nsfer, and the electro ns cannot surm ount the barri er before
they are tra pped. These and other experim ents show tha t the tra ps are located
in InAl As. The results of a self-consistent soluti on of coupl ed Schr�odinger{ Poisson
equati ons suggest tha t the acti ve tra ps are located at 0.25 eV below the conducti on
band edge of InAl As layer.

3.4. H ot-elect ron temperat ure Ûuctuat ions and energy relaxat i on

Assum ing the electro n tem perature approxi matio n and the energy gain and
loss balance,

k B ( T e À T 0 ) =§ " = e v d E ; (1)

one can evaluate the phenom enological energy relaxa ti on ti m e §" in a 2DEG [5].
Here, e i s the elementary charge, T i s the electro n tem perature, and v i s the dri ft
vel ocity . By appl yi ng T = T [8] to gether wi th the expression (1) for the super-
cri ti cal ly doped hetero struc ture H090, the estim ated value of §" = 1:9 ps represents
the e˜ecti ve energy relaxati on ti me of both hi gh and low mobi li t y channels. The
determ inati on of the electron temperature f rom the longi tudi nal no ise tem perature
T i s somehow com pl icated by the presence of the described noise sources. Under
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Fig. 5. H ot- electron energy relaxation time in the Inx Ga 1 À x A s quantum- well chan-

nels [2, 3, 5].

the above menti oned condi ti ons (shi ft to X band frequency, vari atio n of dopant
density or/ and the appl ied electri c Ùeld) i t is possible to avoid or m inim ize thei r
inÛuence. Ho wever, at m oderate electri c Ùelds, Tn k sti l l di ˜ers f rom the electron
tem perature T e because of hot- electron tem perature Ûuctuati ons [9]:

T n k
= T e + C ( Te) : (2)

The extra term C ( T ) depends on the non-ohm ic behavi or of the current{ vol ta ge
characteri sti c [10, 3, 5]. In the case of smal l C ( T ) , one can assume tha t T

k = T ,
and then the expression (1) gives an estimate of § . Fi gure 5 presents the obta ined
values of energy relaxa ti on ti me at room tem perature.

No isetechni que was appl ied to investi gate non-equi l ibri um fast and ul tra fast
ki neti c pro cessesin hetero struct ures conta ini ng a 2D EG at equi l ibri um . Sources
of noise caused by \ therm al" m oti on of hot electrons, hot- electron tem perature
Ûuctua ti ons, rea l -space-tra nsfer and fast tra ppi ng are discussed.
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