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We propose a model of the fLhoise in GaN/AlGaN heterojunction field-effect transistors that links

the 1/f noise to the tunneling from the two-dimensional electron gas in the device channel into the
tail states near the conduction band of the GaN layer. The model predicts a fairly weak temperature
dependence of the 1/oise in the temperature interval from 50 to 600 K with the value of the
Hooge parametew within the range of 10°-~107°. Both these predictions are in agreement with
experimental data. @005 American Institute of PhysidDOI: 10.1063/1.1931033

I. INTRODUCTION GaN/AlGaN HFETSs is often characterized by the weak tem-
perature dependence from cryogenic temperatures to 500—

GaN/AlGaN heterostructure field-effect transistors . X ;
(HFET9 have emerged as attractive candidates for high-600 K(see Reviedand references thergirin this paper, we

ower and hiah-frequency apolications. Low-frequenc discuss the model of the 1/noise related to the electron
P g g Yy app : q .ytunneling from the 2D channel into the tail states in the GaN

noise Is one of the major fac'Fors determnjl_ng the phase nOISguffer and show that this model is in agreement with the
characteristics of these devices. In addition, low-frequency . L
xperimental results. We also account for tunneling into a

noise measurements are powerful tools to study impurity an ; : . )
i . . onor level, which makes this model applicable to devices
defects in semiconductor structulésand to diagnose the
with doped, compensated, or undoped channels.

quality and reliability of semiconductor devices.

In spite of many efforts, the mechanism of thef hbise
in GaN/AlGaN HFETs has not yet been established. Previ-
ous attempts to explain the nature of thef Irioise in
AlGaN/GaN HFETs involve three different mechanisms.
The first mechanism links the f/noise to the occupancy
fluctuations of the tail states near the band edgéghe
second mechanism involves fluctuations in the space—charg@a
regions surrounding dislocations. These fluctuatitmkich

II. THEORY

Figure Xa) shows a simplified band diagram of the
N/ALGa N heterostructure. Numerical values in Fig. 1
; . . : ) correspond to the typical-doped HFET structure with the Al
might be either mobility fluctuations or fluctuations of the ¢ tionx=0.3 in the wide-band-gap barrier layer and

Wid;h IO‘; thtehdep'eﬁ‘i” regiorf‘stﬁu”or‘;'”di”? the d?s'oct"’r‘io”f/with the GaN buffer doped by shallow dondiSi) with the
moduate the resistance of the chahne! causing activation energy ok.—£4=0.02 eV. The two-dimensional

. .78 . . . .
?0|set. Thle_.\ th';d me::hhartusm de_xplams the[1;1r10|se b% eltehc- electron concentration at the GaN/AlIGaN interfacenjs
ron tunneling from the two-dimensionéD) gas into the  _q 3y (13 ;72 14-16The density of the tail states in GaN

. . _12
traps in the adjacent G?N layéfs: . . layer, p(e), decreases exponentially as
The electron tunneling from the channel into the single

Si level in the GaN buffer layer was discussed in Ref. 10.
Since electrons can tunnel the different distances in order to (e) = exp(— &c~ 8) (1)
be captured by this level, the model yields &-like spec- P Po '

trum just like the well-known McWhorter mod&i.The pre-

dicted noise temperature dependence of noise had a maximerep,=p(z,) is the density of the tail states at the bottom
mum at the temperature at which the Fermi level coincidegy the conduction band.

: H 10
with the Si level.” o The 2D electrons in the channel can tunnel into the GaN,

The characteristic capture time of an electron by a
¥Electronic mail: roumis2@rpi.edu level in the GaN layer could be expressed as

€0
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> L2
E.A § Y= [2m(ec— )] , 5)
P o h
< A + gc
gl o=/ A=FZ L 3 and (e,~—¢,) is the energy gap between the bottom of the
conduction band and the lowest quantum level in the well
P ;
q 2 Ve 3 > (Fig. 1. o _
> 8 3 3 The capture cross sectianis proportional to the expo-
2 ‘o’- ‘.g pi nential function, describing the probability for an electron to
AlGaN GaN i_GaN’ tunnel from the quantum well to the positionin the GaN
layer:
@
> — X
E A ® o=o" exp - —|, (6)
o X
; °
o
50_ - 2 —& where
&r _._._E\ _._...._f€d
h
&y boogeree -
q > > > = . 7
A X0 Aomiee - g2 "
P g | |8 : . :
&S = = =3 The electron tunneling can be phonon assisted. In this

AlGaN n-GaN ;_GaN> case, electrons within a certain energy interval around the
energy levele’ can be captured by the level in GaN. The
probability to be captured is the largest for the electrons with

FIG. 1. Simplified band diagram of the GaN/AIGaN quantum walland ~ th€ €nergy equal te” and exponentially decreases with ei-

rectangular potential welb) used in calculations. Parameters are calculatedther increase or decrease of the electron energy:
for GaN/AlsGa N heterojunction with doping level of GaN layer 2
X 10 ecm3, T=300 K andny=1.3x 10" cm2. , , —(e=&")le
e>¢g', o' =g

1 p, 2d%p P ot = g e E o)
== | o5/, 2 e<e', o =oge® e, (8)
TC f 7m'®(2mh)? @ e _ _
The expression for the noise density of the number of
. . 2 _
whereo is the capture cross sectiom,is electron effective carier fluctuations($,/ng)y caused by the capture of elec

. L . . trons tunneling on the single level with energy for a tri-
mass,p is longitudinal moment of electrong, is the Fermi . .
. : angle quantum well was obtained in Ref. 10. For a rectangu-
function for the electrons in the quantum well. .
lar quantum well it has the form.

1 47oNg [~
fe= —=; 3 (%) =20 dx[equ/xo)f(s’)[l
l+err no/s WL
, 1
wheree is the energy of electron, ang is the Fermi energy. —fle )]1 WP exp Axng) |’ (9)

A is the coefficient that depends on the quantum well

. . ] o
shape and has a dimensionrof™. As seen in Fig. @), the  \hereN, is the concentration of the level with energy,n,

electrons first tunnel under the bottom of the triangle quan;s the sheet electron concentration in the charvéls the
tum well and then under the flat part of the conduction—bancba»[e width,L is source-drain distancey=2f

edge. The electric field at the heterointerface is very high,

such that the voltage drop across the Bohr_radius is compa- \% _ 14 exi(e’ - ep)/kT]
rable or larger than the Bohr energy. The simplest model to  7y=| A——=oyVe'(e; + &)

° h2 0 T | 1+ gex(s’ - ep)/KT]
capture the qualitative feature of electron tunneling in such a m gexple —ep
system is that of a rectangular potential welee Fig. 1b)] (10

that we are using in our calculations below.
The coefficientA in Eq. (2) for a rectangular quantum 1
well of the widtha is given by. fe') =

T —— 11
1 +ge(£'—s,:)/kT ( )
2
A= Z(i) , (4) is the level occupancy, arglis the level degeneracy factor.
al\xa The expression for the noise spectra caused by tunneling
on continuous levels of the tail states can be obtained by
where integration of Eq.(9) over tail stategsee Eq.(1)]:
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Sﬂ 27TPOXO JSC (e—gp)le
— = e ed'®of(g)[1 —f(e)]rde 0.00
2 = Wirtw )t (e)1-f(e)]} ,
5 0041
& e—ep)/KT °
- 2Pk e(8‘80>’£°_ge( —epikry29e (12) & 0.0
WLwJ .. (1 +gee=P/kT) &
. . g 012
Note that Eq(12) does not include time constar and, £
consequently coefficierk. £ 016
For kT< g, the main contribution to the integral in Eq. 020
(12) comes from the levels with the energy= . For this “"0 100 200 300 400 500 600
case, the approximate expression for the relative spectral Temperature T, K
noise density has the form. FIG. 2. Temperature dependencies of the Fermi level calculated using Eq.
S, 27 poXo ge(sc—sp)/kT (20) for different compensation levelbl,/Ny, for GaN layer withg=2 and

kTderedleo (13) Ng=2x 10" cm3,

R WLrw 1 +geecer/kT”
In the opposite limiting caskT> ¢, the main contribu- ~conductorse, was found to be close to 0.03 eV. The charac-
tion to the integral in Eq(12) comes from the levels with teristic energye, should be higher in semiconductors with

e=¢&., and the expression for the relative noise spectral denarger band gap and higher crystal imperfection. Absorption

sity becomes. coefficient measurements near the band-gap 2ddgeld
~0.1 eV for GaN. A reasonable estimate for the total con-
Sh = 27poXo } = (14) centration of traps in the tail states is one to two orders of

g WLrgwgee T magnitude smaller than the total doping letgH N,, where

Ng is the shallow donors concentration aNg<<Njy is the
concentration of compensating acceptdrs.
IIl. ESTIMATES AND DISCUSSION The temperature dependence of the Fermi level has to be

) . found from the neutrality conditior(see, for example, Ref.
As seen from Eq912)—(14), this theory predicts the T/ 23):

noise spectrum. The level of 1 hoise in different semicon-

ductqr mat_erials and structures is u7sually characterized by Ny - Na—% = N gleFe/kT =, (20)
the dimensionless Hooge parametﬂrl, 1 +ggeaeF
: ng 15 whereN; is the conduction-band density of states. Figure 2
@ R 19 shows the temperature dependence of the Fermi level for

_ . Ng—N,=2x 10 cm 3, g=2, and for different degrees of
Here N=nyWL is the total number of the conduction elec- compensationN,/Ny.

trons in the samplef is the frequency of the analysis, and  The solid lines in Figs. @) and 3b) show the tempera-
S./ng is the relative spectral density of noise. From H4®) ture dependencies ofy, calculated from Eq.(16) for

and(15) we obtain Np=1.3x 108 cm2,  £,=0.1 eV, Nyg-Ny=2x 10" cm3,
_ Nixo (% (sl N;=0.2N4+N,), and different compensation levels,/Ny.
a=_ defe*®d0 x f(e)[1 - f(e)]}. (16)  As seen, the Hooge parameterdepends only weakly on
0707 = temperature in the range from 50 to 600 K. As expected, the
At kT<g, level of the 1f noise increases monotonically with compen-

K decep)/kT sation growth while the temperature dependencies of noise
o~ Nt_XO_Te(eF—sC)/sog—_ (17)  are identical for all compensation levels. The parameter
No &o 1 +geecer/kT? ranges from~10"° to ~1072 that agrees well with experi-
mental data:® The dotted line 4 in Fig. 3(@ shows the
dependence calculated using H47) for N,/Ny=0.5. As
=~ NiXo 1 (19) seen, the results of analytical calculation agree well with the
Ny geec ek numerical one in a temperature interval from 15 to 600 K.
Detailed analysis showed that Ed.7) gives good approxi-

andkT> g

where mation of Eq.(16) for kT<0.8¢, at any compensation levels
o andeg values. Equatiori18) gives a good approximation of
N; = J Po€ 0= gopo (19 Eq. (16) only atkT= 3s,.
-~ The dashed lines in Figs(& and 3b) show the tem-
is the total trap concentration in the tail states. perature dependencies of the Hooge parametdor the

To estimate the Hooge parameter, we need to know thaoise caused by electron tunneling from 2D channel to Si
values ofN,ng, &g, and the temperature dependence of thedoping leveleq (see Fig. 1 Calculations were made for the
Fermi level,eg(T). same compensation levels as for the tunneling to the density-

The N; andeq values were estimated for Si and GaAs in of-states tail. As seen, at low compensation leVgl$Ny
Refs. 18 and 19see Revie® for detaily. For both semi- <0.5, the 1f noise from single Si level predominates across
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FIG. 3. Temperature dependencies of Hooge paramaeter different com-
pensation leveld,/Ngy. Solid lines calculated using E¢L6) correspond to
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to the tail states in the GaN buffer layer has been proposed.
This model predicts a weak temperature dependence of noise
and an increase of noise with compensation growth. An es-
timated values of the Hooge parameter 10°-4x 107* are

in agreement with numerous experimenfs.
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