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A Model for Hydrogen-Induced Piezoelectric Effect
In InP HEMTs and GaAs PHEMTSs

Samuel D. Mertens and Jesus A. del AlarBenior Member, IEEE

Abstract—We have developed a model for the impact of the hy- 500 —
drogen-induced piezoelectric effect on the threshold voltage of InP 400 l [011]
HEMTs and GaAs PHEMTs. We have used two-dimensional (2-D) ; B GaAs PHEMT
finite element simulations to calculate the mechanical stress caused 300 £ O InP HEMT
by a Ti-containing metal gate that has expanded due to hydrogen 200

distribution in the semiconductor heterostructure. We then used a

>

. . . . g
absorption. This has allowed us to map the 2-D piezoelectric charge
>

simple electrostatics model to calculate the impact of this piezo- <

electric polarization charge on the threshold voltage. The model ;

explains experimental observations of hydrogen-induced threshold -100 ¢

voltage shifts, both in InP HEMTS and in GaAs PHEMTS. It also -200—L . e . i

suggests ways to mitigate the hydrogen sensitivity of these devices. 0.01 ) 0.1 1 10
Index Terms—HEMT, hydrogen (H), InP, piezoelectric effect, Gate length [um]

reliability.
Fig. 1. Reports oAV caused by hydrogen degradation as a function of gate
length for INP HEMTs and GaAs PHEMTSs with gates oriented along the [011]
I. INTRODUCTION direction [2]-[5].

YDROGEN (H) degradation has been identified as a se- ) _ . .
rious reliability concern in lll-V FETs in general and InP In th's work, we present a model for H-induced p|ezoelectr|c
HEMTs in particular [1]. In applications, demanding hermet€f€Ctin INP HEMTs and GaAs PHEMTs that explains the pecu-

cally-sealed packaging, such as satellite or fiber-optic systeridl Pe€havior ofAVr shownin Fig. 1. Our model sheds light on

exposure occurs when H out-gasses from the packaging maé. K€y parameters of the problem and provides design guide-

rial and becomes trapped inside the package cavity. With enodtjfS for minimizing H sensitivity of these devices. This paper

time, H diffuses into the transistor and alters its electrical Chaqg(pands on the work presented in [6].

acteristics eventually leading to parametric module failure.
Recent research has shown that among other effects, H ex-

posure results in the formation of TiHn Ti/Pt/Au gates com-  Our modeling approach involves:

monly used in lll-V FETs [2]. This produces compressive stress 1) performing two-dimensional (2-D) mechanical stress
in the gate, which generates a tensile stress in the heterostruc- simylations of the device structure:

ture underneath. The resulting piezoelectric polarization chargep) computing the resulting piezoelectric charge in the semi-
The few reports of the sign and magnitude®¥r in InP 3) estimating its effect oy
HEMTs and GaAs PHEMTSs that have been published seemgjist a 2-D finite-element simulation tool, ABAQUS, was

contradictory (all devices have Ti/Pt/Au gates). While reporigsed to calculate the mechanical stress in the device layer struc-
on [011]-oriented GaAs PHEMTSs indicate a positi%&'7(3],  tyre introduced by an expanding Ti/Pt/Au gate caused by the
[011]-oriented InP HEMTs have been found to display posjprmation of TiH,. We modeled the expansion of the Ti layer as
tive [4], negative [3], and even negligiblé, shifts [5]. When 4 thermal expansion of the bottom layer of the gate stack (this
all the data are graphed together, however, a compelling pigsproach neglects the second-order coupling between the elec-
ture emerges (see Fig. 1). It appears that for GaAs PHEMTge| field in the semiconductor and its displacement). The me-
AVr is always positive and increases as the gate length is gganjcal properties of the materials used in the simulations can
duced. However, no data exists for long devices. For long 9aJg found in Table I. We used a finer mesh near the surface of
length InP HEMTs AV is negative and increasing in magnithe heterostructure and directly under the gate to provide a de-
tude with decreasingj, . Ata certain’.,, however, there is a sign t5jled picture of the mechanical stress where it has the biggest
reversal and H-induced V» becomes positive. For shorter dejmpact onl/;.. We exploited the symmetry of the structure and
vices, AVr increases. we only simulated half of it. The center of the gate was fixed,
so no displacement can take place in the horizontal direction
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TABLE | TABLE 1l
MECHANICAL MATERIAL CONSTANTSUSED IN THIS STUDY PIEZOELECTRICMATERIAL CONSTANTSUSED IN THIS STUDY. THE TERNARY
COMPOUNDS ARELINEARLY INTERPOLATED IN BETWEEN THEBINARIES
Material Young Modulus [GPa] Poisson’s ratio
Material dy4 [C/dyne] W [10" dyne/cm?]
Ti 116 [12] 0.32[12]
GaAs 3.36 [8] 48.6 [11]
Pt 168 [12] 0.38 [12]
InAs 1.14[9] 31.4[11]
Au 78 [12) 0.44 [12]
AlAs 5.00 [10] 442[11)
Ing.53Gag 47As 100 [11] 0.25[11]
Ing 5,Alg 45As 96 [11] 0.26 [11]
Alg24Gag76As 73 [11] 0.23 [11]
&
Ing2,Gag 75As 111 [11] 0.24 [11]
SiN 320[12) 0.32[12]
side far away from the gate. This is a fair assumption as tt E¢
device is surrounded by material that is not expanding. The B
are 16 000 mesh nodes in the semiconductor heterostructure Fe
| | | » Z
T

6400 mesh nodes in the gatestack and passivation layer. The ( T
result of this simulation is the atomic displacemeimtsand ..
perpendlCUIar and paraIIeI to the gate, respectlvely. . Fig. 2. Energy band diagram at threshold at the center of the gate of a HEMT,
In our second step, we usg andu.. to compute the polariza- perpendicular to the gate. The buffer-substrate interface is unpinned.
tion vector field” and the polarization charge distributipgy;
Itgrri(; Z%Zﬁ%et:tirdfi\;lgﬁlr\]/. s-rerﬁiigg jui(:g:?,a?ﬁ gt[so(lﬁl]tk;irggc ethat the inversion layer at threshold appears at the_ bottom of the
are, respectively, given by thannel, next to the buffer—cha_nnel interface as is the case of
' ’ double-heterostructure HEMT (it is easy to adapt the theory for

other device designs).
P, = — pda (d“-r _ d“Z) 1) We first develop a 1-D model fovy for the case in which

dz dw the Fermi-level is unpinned at the heterostructure-substrate in-

terface. Looking at the band diagram in Fig. 2, we can see that

du,,
dz -~ in this situation

PZ = — [Ld14 (2)

In these equationg, is the Voight average shear modulus ;. — 4(V. + AVy) = Ec(0) — Ec (2 + 2.) + AEc (4)
and dy, the piezoelectric constant of the material [8]-[11]. b (Vr r) ©) ( )

The values of these constants are specific to each layer. k@fere
the ternary compounds studied in this workandd;4 were V. threshold voltage without any polarization charge;

obtained by interpolation from the binaries (see Table II). AVy  threshold voltage shift induced solely by the polar-
The piezoelectric charge can be calculated using ization charge;
OB Schottky barrier height of the gate metal;
ppol = =V - P. (3) AFEc discontinuity in the conduction band between

channel and buffer;

As discussed below, computing the piezoelectric charge is not’c ~ energy level of the_conduction band edge.
essential to deriving\Vz. However,p,;, since it is a scalar, % % thicknesses of the insulator and the channel layer, re-

provides for a compact way of visualizing and understanding S’IJEC“VEM as shown in Fig. 2.
the impact of stress on the electrostatics of the problem. Poisson’s law states
The final step is to compute the effect of the polarization d[e(2)E(2) + P.(2)]

charge onVy. For simplicity, we assume a one-dimensional = p(z) (5)
(1-D) model in whichAVr is calculated at the center of the

gate. This is a fair assumption particularlyiif is experimen- where
tally extracted in the linear regime, as is commonly done [2], p(z) Coulombic charge present in the structure;

[4]. Symmetry arguments show that at the center of the gate£(z) electric field;

the component of the polarization vector parallel to the date  «(z) permittivity of the material.

will be zero, hence we are only concerned with, its com- The values o€ (z) at the insulator, channel, and buffer layer are

ponent perpendicular to the gate. In dgr model, we assume denoted by;, ., ande,, respectively.

dz
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We can integrate (5) from a poing to = to find

g(z) — E(ZO>£(’ZU) + PZ(ZO) PZ<Z> 1 /Z P(z’)dz/. s

e(2) RECREC)
(6) | —

The conduction band energy difference between two poin
z1 andzs in the structure now becomes

Qg
z2
EC(ZQ) - EC(Z]_) =q / 8(z/)d2:' rlllllz
Jzy | I ] | »
2 dy (I) zI z|-+z z-+£ +Z),
=q [6(2’0)8(20) + PZ(Z())] / ; ' e e
zZ1 5(2 )
=2 P.(2),, Fig. 3. Energy band diagram at threshold at the center of the gate of a HEMT,
—q ; dz perpendicular to the gate. The Fermi-level at the buffer-substrate interface is
Z1 E(Z ) pinned.

z2 1 Z/
+q/ - / p(z")dz" | d2’.
= €2) \ Uz, wherez, is the thickness of the buffer layer. We now apply (7)
(7) fromz; = z; + 2. t0 25 = 0, selectingzg = z; + 2. + 2

In order to derive an expression fof + AVy, we select  Ec(0)—Ec(zi + z)
Zp = 00, Whereg(oo) =0 andP(OO) =0, andz1 =z, + z¢ =q [gbg(zi + z.+ Zb) + Pz(zi + 2.+ Zb)]
andzs = 0. Then -0 ds 0 po(y
% / ZI _ / 2(7; )d /
0 Jzitze 6(2 ) Jzitze 6(’2 )
Ec(0) — Ec(z; + z¢) :q/ E(Z)d 0 1 2
zitze + (]/ - / p(z//)dzll dZI.
_ 0 Pz(z’)d , Jrivze €(2) \ Laitzatan
“qlﬁ%eww ? (12)
0 2
+q / 1/ (/ p(z”)dz”) dz’. We also use (7) betweenl = z; + 2z, t0z2 = z; + z. + 2
Jzitz €(2') \Joo and substitute it in (11)
(8)
Ec(zi + ze)—FEc(zi + zc + )
Plugging this in (4), we get =q [gbf,’(zi + 2 + 2p) + P2 + 20 + Zb)]
rZit2Ze dz' Zit+ze Pz(z')
AE O P X / — —q / dz’'
Vet avr=gp- S0y [ B A= vy R S =)
q Zitze 6(2 ) zi+zc 1 2’
0 ,z’ " " !
1 + / — / Z2")dz2" | dz
_/ ﬁ </ /)(Z/I)dZ”> dz'. (9) ! zitzct+zp E(zl) ( zitze+zp p( )
ZiTZc ez J oo
+ =AEc — q¢BB- (13)

Only one term on the right side of the equation is dependentWe can solve foE,E

on the piezoelectric charge. Thex¥/r is given by (2 + 2c + 2) + Po(% + 2 + )

(13), plug it in (11), and this onto (4) to finally yield

A AF
Jo e(2')
0 2
This result suggests that in the absence of Fermi-level pinning — / LI (/ p(z”)dz”) dz'
below the channel, the threshold voltage shift is only dependent Jeivze €(F) \aitzitn,
on the piezoelectric charge between the gate and the channel. 0 p( fo dz’'
. _ z(z ) r_ zitze €(2')
If we assume that Fermi-level pinning takes place at the + ~—dz Er—. =
buffer-substrate interface, which is a fair assumption in Ill-V etz €(2) qui+zc+z,, 2z

HEMTSs, our model needs to be modified. The corresponding [ ,
X

- - - . ) N zit+ze Pz (Z/)
energy band diagram can be seen in Fig. 3. In this case, (4) still c—4bBB+4q _ e(z')
holds, but there is an additional constraint imposed by pinning szt

zit+ze 2!
at the bottom of the buffer: _q/ 1/ / p(2")de" ) d' |
zi+zc.+2p E(Z ) zi+zc.+2p

AEc = EC(ZZ' + Zc) — EC(Zi + 2.+ Zb) + q¢BB (11) (14)
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Only two terms on the right-hand side are dependent on the

piezoelectric charge. They are responsible for the shiit;in 600 A Si,N,
Hence )
Fitze p_ (2 3000 A Au
s [
0 e(z')
zitze dif : 250 A Pt
f = rzZitzZe+2zp P, o
+ z1o+zc+zz,( d)7/ / ( 7 )dzl' (15) 250 A Ti x‘
fz,+zc e(z") Zitze E(Z ) 5 >

300 A Tng 5,Al) 45As or Al ,4Gag76As

Or in simpler terms
zi+zc P.(2 c
AV = - / ) 4,
0

!
r
e(2") Z |

200 A In, -;Gay ,,As or Ing zzGadr-,‘sA's:- ;

1 /2 = zitzet 2500 A Ing5,Aly 45As or Alg2,Gag76As
+= <_2 + _C> / P.(2)dZ'. (16)
Zb \&i Ec

zZitzc

In this simplification, we have used

zitze dz' I zitze dz' v
L)l @ o | o
) ’ ) Fig. 4. Simulated device structures. Both the InP HEMT (first material in
_ 1 = / 1 Fitze ;[ ”i Ze heterostructure) and GaAs PHEMT (second material in heterostructure) were
T e dz" + c. dz’ = . + . ) simulated.
c JO c Jz; 7 c
17)
and left, . on the right). The results all have arbitrary units, as they
fz7+zp+Zb P-() 1.t are all linearly proportional to the amount of expansion of the
ZTTZZ_;Z +z6(z')l Ti-layer. The expanding gate compresses the semiconductor
]z:Jrz: ’ E’fj) in the extrinsic portion of the device away from the gate and
L pFitEeta P.(2)dz 1 [ritzts doyvn, Whil_e st_retching and_pulling up the material underneath.
= & ?*z;+z — = = P.(2')dz'. (18) This atomic displacement information is used to calculate the
= fz:—i—z: dz' Zb Jzitze corresponding piezoelectric charge distribution in the device

For Fermi-level pinning far enough from the bottom of thésee Fig. 6), which exhibits the well known lobes that emanate
channel, or for an unpinned substrate-buffer interface, this eqfm the edge of the gate.
tion converges toward (10). Our model forAV; requires— P, at the center of the gate.

With our choice of axis and crystallographic orientatiéh), Thisis shownin Fig. 7 fora im InP HEMT and GaAs PHEMT
mostly has a negative value underneath the center of the gateder identical stress conditions. The discontinuities i?, at
Because of this, it is simpler to focus on the behavior@f,, the channel boundaries occur because of the change in the mate-
which is predominantly positive. If one ignores the differenca®al constants at the two heterointerfaces. It can be seen that for
in permittivity among the various layers, (16) can be rewrittethhe same stress GaAs PHEMTSs have a slightly larger piezoelec-

as tric polarization than InP HEMTSs. This is due to the larger ma-
2 + 2 ! . . .
AV ~ [<_ Pz>msulator+chamel — (- Pz>buffer] . te.rlal constants of the different active layers in GaAs PHEMTs
(&) with respect to InP HEMTSs.

. . , ) (19) The device gate length has a big impact on the piezoelectric
This suggests thak V- is roughly proportional to thifference charge distribution and the resultidg landscape. For an InP

betwee_n the average ofP, above the channel and the averaggeMmT with a gate length of 0.3m, Fig. 8 shows the piezo-
of —P. in the buffer layer underneath the channel. Because Qb e charge throughout the device structure (inset) and the
thls,_all aspects pf the heterostructure design are important, I'Qéulting _P. directly underneath the center of the gate. In
cluding the details of the buffer layer. this case, the piezoelectric charge is large throughout the device
structure— P, decreases sharply with depth, as the polarization
charge is large directly underneath the center of the gate. There-
As a model device (see Fig. 4), we have selected fare, the average of P, above the bottom of the channel is
double-heterostructure transistor with a 300 A insulator laysignificantly larger than the average-ef°. below the channel,
and a 200 A channel. The gate stack is made of 250 A Ti/ 28thich results in gositivethreshold voltage shift. The differ-
A Pt/3000 A Au. The device is covered by 600 A of;8j,. ence in sign ofAV; between this simulated result and the ex-
The InP HEMTSs in this study have algsAlg 52As/Ing 53 Perimental observation on Fig. 1, can be explained by the fact
Ga 47As/Ing 48Al520As  heterostructure and the GaAghat Fig. 1 contains observations on devices with different het-
PHEMTSs have a Al 24Ga 76AS/INg.22Gay 7sAS/Al 24Gay 76 erostructures from different authors, while our simulation work
As heterostructure. here is all based on a prototypical device sketched in Fig. 4.
A typical result of the 2-D finite-element simulations is For along InP HEMT with a gate length ofién (see Fig. 9),
shown in Fig. 5, which graphs the atomic displacements in tirecontrast, the piezoelectric charge is almost negligible under-
heterostructure of a Lm gate length InP HEMT«(,, on the neath the center of the gate. This causd3 not only to be

Ill. RESULTS
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—_

X [um

Fig. 5. Relative displacement of semiconductor heterostructure in directions parallel (left) and perpendicular (right) to the gate produzedrnirmm gate
in a 1um gate length HEMT. Calculations by ABAQUS. Only half of the structure is simulated and shown here.
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. . . . o Fig. 8. Piezoelectric polarization vector in the direction perpendicular to
Fig. 6. Relative 2-D piezoelectric charge distribution in the heterostructu&@e gate—P. for an InP HEMT with 0.3um gate length. Inset shows the
of a 1um HEMT stressed by an expanding gate. Only half of the structure (‘.’%rrespondiﬁg piezoelectric charge distribution
simulated and shown here. '

17 L,=1pm
L,=6um
0.1 =
GaAs PHEMT | = =
— AV,<0
e e SN N S 25
<
2 =
| &
InP HEMT At |
0 ! I
0 0.1 0.2 0.3
Depth [um]
U —— =
Fig. 7. Piezoelectric polarization vector in the direction perpendicularto th 01 02 03
gate—P. for an InP HEMT and a GaAs PHEMT with Am gate length. Depth [pm]

smaller by an order of magnitude, but also almost constant _ _ o _ . _
h hout the structure excent for the channel. where it -ig. 9. Piezoelectric polarization vector in the direction perpendicular to
throughou . p _ » Wh the gate—P. for an InP HEMT with 6um gate length. Inset shows the
lower because of the different material constants. This caugesesponding piezoelectric charge distribution.
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Insulator thickness:

—0— 300 A
Unpinned buffer-substrate interface —m— 200 A
2= 2500 A 5 100
=
5 z
S <
o
>
= vis0 4
2,= 500 A Ave>
AVi<0 # 0.1 | 10 100
' ' ' Gate length [um]
0.1 1 10 100

Gate length [um] Fig. 11. Relative hydrogen-inducedV for InP HEMTs with insulator

thicknesses of 100, 200, and 300 A. The Fermi-level is pinned 500 A below
Fig. 10. Relative hydrogen-inducedV;- for InP HEMTs of different gate the channel.
lengths. The different lines are calculations for two different buffer layer
thicknesses (with a pinned Fermi-level at the buffer/substrate interface), as v
as for an unpinned buffer/substrate interface.

the average of P, to be lower above the bottom of the channe —

than below it and results inregativethreshold voltage shift. = 1000 A A
Fig. 10 shows calculations akVr for InP HEMTSs of dif- — =
ferent L, and buffer thickness. The evolution &fV with L, .

is similar to the experimental observations summarized in Fig. =

For short devices, a positiv& V- occurs, that increases as the
gate length decreases. For long devices, a negafieis found

13000 A Au

with a magnitude that increases as the gate length is shorter o oo
Fig. 10 also shows that the buffer thickness plays an importz ‘ ' ‘ = ' ‘
role in AVr if the Fermi-level is pinned at the buffer-substrat: 10
interface. For thinner buffer layers, the gate length at whic Gate length [m]
AV changes sign becomes shorter. This is becausg ds- -
creasesg—Pz) in the buffer tends to increase causing a negatl\f-?g. 12. Relative hydrogen-inducedV for InP HEMTs of different gate

shift in AVp. lengths with a Au thickness of 1000 A and 3000 A. The Fermi-level is pinned
The gate length at whicA V- changes sign depends on th&00 A below the channel.

details of the layer structure. If the insulator thickness decreas~~
the sign-change occurs for shorter devices (see Fig. 11). T
is because a thinner insulator layer causes the averagé’of
above the channel to decrease relative to the average below
channel and hencAV; becomes more negative. —
The design of the gate stack affectd greatly. If the gate =
material above the expanding Ti layer is more rigid, such as =,
the thickness of these layers increases or when a higher Youn =
modulus is set for these layers, it absorbs more of the stre <
caused by the expanding gate. This decreases the stress ir
heterostructure underneath, which results in a lo&% and
a change in sign at a shorter gate length. On the other ha
lowering the rigidity of the gate increasésV; and sets the
sign-change at higher gate length. This can be done by thinni
the Au layer in the gate from 3000 A to 1000 A (see Fig. 12
We also found that thinning the Ti layer will decreas&r and
make the gate length at whickV; changes sign shorter. Sim-ig. 13, Relative hydrogen-induceVi- for InP HEMTS of different gate
ilarly, if we remove the nitride layer in our simulations, we findengths, with and without silicon nitride covering the gate. The Fermi-level is
that the stress in the heterostructure increases and lawigrs Pinned 500 A below the channel.
significantly at shorter gate lengths (see Fig. 13). This makes
sense since the nitride adds rigidity to the device structure. consequence, similar conclusions can be made for GaAs
The only difference between InP HEMTs and GaAPHEMTSs. This is seen in Fig. 14, which shows the H-induced
PHEMTSs is the magnitude of the material constants. Asthreshold voltage shift for GaAs PHEMTs and InP HEMTs

No Nitride

Nitride

0.1 1

10
Gate length [um]

100
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B GaAs PHEMT erostructure and the gate stack. Our work also suggests that it is
O InP HEMT possible to select a device design that is insensitive to hydrogen
at a certain gate length.
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