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ABSTRACT

Chen, Kai. MSEE, Purdue University, December 1989. Development of GaAs
MODFET DCFL circuits and Process Technology. Major Professor: James A. Cooper, -
Jr.

The GaAs MODFET device is one of the prominent candidates for very high speed
circuit applications. This thesis presents the MODFET DCFL inverter and other logic
circuit design and process development. Working circuits of E/D type inverters, three- '
input NAND and NOR logic gates and ring oscillators are reported.



CHAPTER 1.
INTRODUCTION

. For more than three decades, silicon has been the ‘dominant ‘material for the

’ ,,;sérrﬁcdnductor industry. But since the late 1950s, gallium arsenide (GaAs) has been

considered a semiconductor with the potential to replace silicon because of the followmg

- properties of GaAs:

- (1) the very high low-field electron moblhty (six tlmes that of ‘Si (1)) Wthh glve
- ‘GaAs the possible high-frequency performance; ' : '
(2) the large bandgap -coupled with a short minority carrier hfetlme Wthh glves

, GaAs an advantage over Si in hlgh-radxatmn environment; o
(3) GaAs substrates grown with very high resistivities can be used as a dlelecmc .
medium for high-frequency microwave and millimeter-wave IC. ‘
“Since the early 1980's, a new promising transistor made of GaAs has been
developed. This device is now known as the MOdulation-Doped Field Effect Transistor
(MODFET), which held the record as the fastest logic switching device(2) since 1984
until a recently reported faster result made by a GaAs Heterojunction Bipolar Transistor

~ (HBT).(3) Several other names such as the Selectively-Doped Heterojunction Transistor

(SDHT) the High Electron Mobility Transistor (HEMT), the Two-Dimensional Electron
Gas FET (TEGFET), have also been used for MODFET by different groups who have
developed MODFET's. Excellent performance has been demonstrated by AlGaAs/GaAs

"MODFET'.

On the basis of the baseline of MODFET process fabrication technology developed by
Mark Whiteside at Purdue, the purpose of this thesis is to present one way to build

~MODFET Enhancement-mode driver/Depletion-mode load (E/D type) inverters and other

simple logic circuits such as three input NAND and NOR gates as well as ring oscillators.
v _More complex MODFET circuits can be built by the design and process tcchnology
- developed from this research.



1.1 MODFET Review T |
The MODFET device evolved from the work on AlGaAs/GaAs superlattlces (thin
altematmg layers of differing materials sharing the same crystalline lattice) pioneered by

Esaki and Tsu at IBM in the late 1960's.(4) It was predicted that high mobilities in - '
GaAs could be accomplished if electrons were translated from the highly doped AlGaAs o

to an adJacent undoped GaAs layer because of less Coulomb scattering, a process now

known as modulation doping. The mobility enhancement behavior was frrst -

demonstrated by a smgle modulation doping hetero_mncuon structure shown in Flgure . 1
in 1978, by Dingle, et al, of AT&T Bell Labs.(3) The electron layer confined on the:.
GaAs side of the interface was proven to have a quas1 two-dimensional character(6) and

is referred toasa two-d1mens10na1 electron gas (2DEG) In 1980, the ﬁrst MODFET - : -

device, shown i in Fig. 1.2, was successfully fabricated by Fujitsu. (7) In 1986, the state-
of-the art devices with gate lengths of 0.1pm demonstrated transconductance (gm) of -

’ _SOOms/mm (77K), propagauon delay (t d) of 12ps (300K), and maxrmum current :
dens1ty (Jmax) of 500mA/mm.(8) ; L

12 MODFET Overview

' From Fig. 1.2, it is clear that because of the h1gher electron afﬁmty of GaAs the free a e

| electrons 1omzed from the donors in the wider band gap AlGaAs are transferred and
' conﬁned in the undoped GaAs layer, forming the 2DEG conductmg layer across the

- whole wafer. The advantage of this 2DEG layer is that the mobility of electrons in this

layer is obvrously higher than that of the bulk GaAs doped to. a comparable level as

» 111ustrated by Figure 1.3. &) ‘ '

Fig. l .4 shows a typical cross sectronal dlagram ofa MODFET wh1ch is similar to a
' Si MOSFET in drain/gate/source structure. The gate, which modulates the 2DEG
‘channel that is normally hundreds of a.ngstroms below the gate,is a metal—semiconductor

‘ Schottky barrier junction. The channel is modulated by the gate voltage, which changes

~the depth of the depletion region of the Schottky barrier into the semiconductor. The |

~ device will be shut off when the gate voltage is negative enough so that the depletion
o reglon extends into the 2DEG ehrmnatmg the conducting channel between the dram and

the source.

Similar to the Si MOSFET there are two types of MODFET, enhancement—mode and - - e

~ depletion-mode devices. The enhancement-mode is a normally-off device, which means |
_ “the conducting channel is cut off when the gate is zero biased. This mode is built with a .
smaller gate -to-channel separation than the zero-bias depletlon width of the gate Schottky o
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' barrier. The other type is the depletion-mode, which is a normally-on device. It is built
“with a larger. gate-to-channel separation than the zero-bias depletion width of the gate
Schottky barrier.
_ Similar to CMOS in smcon a complementary MODFET technology, ,that is a p-
MODFET coupled with an n-MODFET can be of i interest at temperatures below 77K(10),
- Below this temperature, the mobility of holes in the two-dimensional hole gas (2DHG), |
] formed in undoped GaAs when the AlGaAs is p-doped is on the same order as the '
,electron mobility in bulk GaAs. BRI
- Recently, new interest has arisen in pseudomorphlc MODFET's, in Wthh a
- mismatched lattice layer of (In,Ga)As is grown between the (Al,Ga)As spacer and the
- undoped GaAs layer. The 2DEG is thus formed in this newly included (In,Ga)As layer.
In 1989, the devices of this structure with 0.2um gate length exhibited a maximum
channel current (Iax) of 550mA/mm, peak transconductance (gm) of 550ms/mm, and

" _peak current gain cutoff frequency (f) of 122 GHZ(1 1) Transconductance as hlgh as
| 930ms/mm at 300K was also reported(12). -

13 MODFET Clrcult Implementation
The universally used MODFET circuit type is the direct coupled FET logxc (DCFL
Flg 1 5 (a). Its prominent advantages are:
(1) the basic DCFL circuit has the simpler (mnumal number of two transxstors)
- inverter gate than the buffered FET logic (BFL, Flgure 150®);
(2) E/D type DCFL circuit consumes less power than the depletion driver cxrcuxt;
(3 from circuit design point of view, DCFL is very attractxve since its
enhancement—mode driver (E-dnver) results in a drrect—coupled scheme 1denncal
i to that employed in silicon MOS circuitry. . :

A bxg msadvantage of DCFL is that it is very sensitive to the threshold voltage The
control of the threshold voltage across the wafer is a major challenge to bulld a working
MODFET circuit with DCFL. A control of threshold voltage better than 30mV across the

~wafer is equlvalent to a control of gate recess etching of better than' lOA --- a very
L difficult prescnptxon to fill. (13) This will be discussed later in the chapter on process :
| development. . ‘ . : R

-The first circuit mamfestatxons of hlgh speed, low power capabllmes of MODFET
_ apphcatlons, a ring oscillator with 27-stages and DCFL configuration, was reported in
o 1981 by Fuptsu (14 Smce then, impressive improvements have been achleved.(15) In

= -1986 a swnchmg time of 5.8 ps/stage at 77K was achxeved w1th 0. 35um gate length |



oo Gh
. Figure 1.5 (a) Direct-coupled FET logic and, (b) buffered FET logic.

a Qdev1ces(16) ThlS is the fastest FET ring osc1llator sw1tch1ng speed ever reported

Wlth the use of MODFET NOR logic gates, a high- frequency divider,’ another
' ‘apphcauon of DCFL circuits, can be built usmg D ﬂlp ﬂops The results’ of sucha circuit R

”w1th dev1ce gate length of 1 p.m were first reported by K1ehl et al (17) in 1983 A
. maximum operatmg frequency of 3.7 GHz at 300K 30 mW total power with. 1 3V blas) o
~ and 5. 9 GHz at 77K (19mW tota] power with 1.4V blas) were demonstrated .
"~ The ﬁrst MODEFET static RAM (4-bit) with 1-pm gate lengths was built in- 1984(18) -
“In the same year, a 4-kbit MODFET SRAM with a typical access time of 2ns was

ks successfully built(19). This was also the fastest access time ever reported for a4-kbit

"'SRAM up to then. In 1987 a 1-kb1t MODFET SRAM w1th access tlme of 0. 6ns was -

o achleved(zo)

o , In 1986, a self-ahgned gate superlatuce AlGaAs/n+ GaAs MODFET 5x5-b1t parallel
o ult1pl1er with- multlphcatlon times of 1. 80ns ‘at 300K (power d1ss1patlon of
0 43mW/gate) and 1.08ns at 77K (power d1ss1patlon of O 75mW/gate), usmg DCFL ,

*' | circuits, was. reported(21)

2 In mlcrowave apphcatxons, extremely 1mpress1ve results have been shown by -
. f -MODFETs as compared to GaAs MESFETs Table 1.1 ® shows some data for thlS |



Table 1.1. Comparison of MODFET and MESFET microwave figures.8)

PARAMETERS '~ MODFET ~ MESFET

| Gate length L (um) 0.35 0.50 | 1.0 1.0 '
- | Transconductances 8m : N
C (ms/mm) ff ‘230 235 . 1407 1(_)0‘

urrent-gain cuto Yy
froquoncy Fr(GHZ) 47 35 | 18 - ,14‘.
Power-gain cutoff| 75 | 96 38 - 30
| frequency fmax(GHz) ' .

o cornparison' Contrary to the digital application, the uniformity requirement of threshold
voltage is more relaxed since only discrete FET devices are involved in mlcrowave ‘
apphcatlons This makes the MODFET a more favorable candidate for rmcrowave

'~circuits. .

1. 4 Feasnblllty of MODFET Technology : « RIS .
When evaluating a new device technology, four key factors need to be cons1dered :
»,They are speed and energy consumptlon, complexity of the process, y1eld and the

scahng potenttal into the submicron range. g L ,

~ The intrinsic speed and energy requirements are related to the dnft veloc1ty of the ‘

c electrons in the channel, therefore the MODFET is expected to be the-best among the '

' existing FET technologies because of its mobility advantage of the 2DEG (even though
th1s moblhty advantage disappears for drift fields above a few hundred V/cm(22)(23)) as
: vproven by the actual measurements shown in Fig. 1. 6(8) and Table 1.2. (2) o
The complex1ty of the process and yield of the MODFET technology are stlll far from
mature. Two major problems, quahty of the epitaxial layer and threshold voltage
) umforrmty, need to be solved.. Some progresses have been made. Defect density below
100 crn‘2 (24) and threshold voltage standard deviation of only 4mV at Id—IOuA (25)
have been reported At present the recess etching problern is solved at the expense of
1ncreasmg process.complexity. . The method that i is ‘widely used is to introduce a self-
termmatmg-layer dunng MBE growth. Dry ion reactive etch (RIE) is then used to do the
etch qurte uniformly. - More details of this method will be discussed in Chapter 6.
’Further efforts in these techniques are needed for the economlcally feaslble MODFET _
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‘Both vertlcal and lateral d1mens1ons limit the ultxmate extent to wh1ch a FET can be
scaled down Vemcally, similar to Si MOSFETs whose minimum oxide thicknesses are -
‘limited to about 40A by electron tunnehng, the minimum thickness of AlGaAs in the
'MODFET is approxxmately 2004 by the same token. Another limit to decreasmg the

" n+AlGaAs layer comes from the requirement that enough donors in the n+AlGaAs, ie,

N5 (doping density i in AlGaAs) x ty (n+AlGaAs thickness), are needed to provide the -
. carrier concentration in the 2DEG, ng, as high as possible (usually =1012cm'2) The

thlrd limit is due to the necessity of the spacer layer (=50A to ZOOA) between the

" n+AlGaAs and the undoped GaAs to ensure the high electron moblhty in the 2DEG. The i N

“lateral scahng of the MODFET depends physically somehow on the vert1ca1 d1mens1on ;
- This can be explained by fringing effects as follows: One of the primary . reasons to
; reduce the gate length is to reduce the gate capacitance. ‘As the gate length is decreased to.

~ the order of the gate-to-channel separation, the fringing effects become dormnant There -

will be no-further gate capacitance reduction, nor further speed 1mprovement by‘ _

'squeezmg the gate length. Another factor to limit the lateral d1mensxon for III-V R

g compound channels is the ballastlc transport effect 'I'h1s comes into. play when the gate '

'length is belowOSp,m v SR "
‘ MODFETs, on the basis of the above discussion, clearly 1ndlcate a supenonty overr '_
' other FET technologies in terms of achieving operatlon of ultrafast transmtors, lowert
‘ power dissipation, and- Tower noise. The continuous improvement in ‘MODFET
' technology is expected to make it a very bnght candidate for superfast c1rcu1t' '
- apphcanons : T .

1 5 The Orgamzatlon of Thesns _ - i
“In Chapter 2, theory -and equations descnbmg MODFETs will be dlscussed Chapter '
3 will present the circuit and mask des1gn of the MODFET logic gates and c1rcu1ts A
detailed discussion on development of fabrication process and related expenmental results_ _

' will be given in Chapter 4. Chapter 5 will present the electrical charactenzanons of all

_ circuits (mverters, three-input NAND, NOR logic gates, and rmg osc111ators) fabncated
) Some recommendatlons for future work w111 be suggested in Chapter 6.
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" CHAPTER 2

' THEORY OF MODFET

k This chapter discusses theoties of MODFETs.  The model of calcnla-tions}presented S

| here is basically developed by Delagebeaudeuf and Linh.(25) In this model the subband :

‘ ‘sphttlng and the existence of an undoped AlGaAs spacer layer between the doped AlGaAs =
and undoped GaAs are considered. : , ‘
Section 2.1 will discuss the electrostatlcs of a normal heterOJuncuon Secnon 2. 2 w111_ S

conS1der the 2DEG which is isolated from the effect of the Schottky gate on top of the.
;doped AlGaAs layer refered to as the isolated reg1me Section 2.3 will present a
discussion on the charge control regime, wherev the effect of the 'Schottk'y gate on the
2DEG will be considered. Section 2.4 will present the analytical formula of current-
voltage relatlonsh1p of the MODFET. Finally, the modifications of the model under some
'~ conditions, such as second order effects and the correspondence between the MOSFET

- and MODFET will be discussed in Section 2.5.

2.1 HeterOJunctlon Electrostatlcs

The depletion approximation shown by the sohd hne 1n F1g 2 1 (b) (the actual case is

shown by the dashed line) is used to find the relat10nsh1p between the doping densities,
‘Njand NZ and depletlon w1dths x1 and x_ of the heterojunction formed by AlGaAsand

GaAs.” “(Note: subscrlpts 1 and 2 refer to the quant1t1es in GaAs and AlGaAs

respectively).
The charge neutrahty relauonshlp grves ‘ , ' o
gN1x1=qNoxp - ' S ' @0
. , ’The P01sson equatlons of both sides are ‘ I R |
aEl(X) N, - . o
ox e1 o Sy
0E,(x) _ ﬂ : .



i

|

-

_Sdl'l

| »\\3 i q\‘\,_' T 4
. n-AlGaAs . ¢ . - p-GaAs ' ‘

o (a) AlGaAs/GaAs contact - ', . (b) space charge di-su'ibutic')n”>'

B

. ©@elecmicfild - @pontil

 Figure 2.1 Heterojunction electrostatics.
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,Enitegrating these two equations and using the depletion approximation, we obtain:

El(X) - qu(xl'x)

Rl | e
E (X) qu(X2+X) SR o IR
) ey

~.as shownrlin Fig. 2.1 v(c). Integrating the following equations:

Vi(x) = f E()dx o
_ x - o - (2.6)

Vo) = f Ex(x)dx
o - (2 7)
_ where Vi, A\ the bu11t-1n potentlal Vi, and the apphed voltage across the
- heterOJuncnon VA, are defined in Fig. 2.1 (d). ‘These quantmes are related as: '

VO = D2 (vv -2

~ 2¢, 2e; R VX )
Solving (2.8) and (2.1) for X1 and x2, we obtain: : - :
_ [2e1ezNz(vbi-vA)]—;-
gN1(e1N1+€2N2) 2.9)
[281€2N1(VbrVA) : , SR
qN2(81N1+EzN2) ' ‘ oo (2.10)

The energy ba.nd dlagram of AlGaAs and GaAs before and after contact are shown in Fig.
2.2, ' . v :
The MODFET hetero_]uncuon is much more complicated than what we have discussed

e “above. The appropnate 'space charge distribution for a MODFET AlGaAs/GaAs

hetero_]unctlon is 1llustrated by Fig. 2.3. An extra layer of electrons (the 2DEG) as well as

- ‘, an elecmcally neutral spacer layer are added to Fig. 2.1 (b).

The very thin 2DEG layer (approxunately 100A) 1mp11es the electrons are confined ina
_ . potentlal well w1th a d1mens1on comparable to the carrier’s effective Bohr radlus therefore
o quantum mechamcs must be used to descnbe the 2DEG s behav10r ' '

2.2 The 2DEG . :

~ .~To solve the Schrodmger equanon of an electron in the 2DEG, the potennal energy
g ‘must consist of the contributions from both ionized donors in AlGaAs and other electrons
N '_-1n the 2DEG A very nnportant assumpnon is the so-called qua51-constant electric '
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vaccum level

2%} t K3
ko Ea
Eri
Ev
. Ev2
n-AlGaAs © iGaAs _

(a) Energy levels of AlGaAs and GaAs before contact.

(b) Energy band diagram of AlGaAs/GaAs heterojunction.

3 | Figure 2.2 Energy band diagrams of AlGaAs/GaAs before and after contact.
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't2 v

2DEG ‘.

' Figure 2.3 Space charge distribution of MODFET.

- field E in the potential well or triangular potentlal It is deduced from the fact that the |
electric field E contributed by the other electrons in the 2DEG can be 1ntroduced as an
average constant value while the linear electric field due to ionized donors can be-'

, _ . approxxrnated by a constant when the extrernely small segment (which is the thxckness of
—- TR ‘the 2DEG =1004, as compared to the whole depletion width of ~5000A in GaAs) is
R | ‘cons1dered With this assumption, the self-consistent Schrodmger-Pmsson equatxons can :

“be solved(27)(28)(29) and the longltudmal quanuzed energy is obtained: ' o

,En(eV)_=[ 31th]§[n+3-]§ R .
| | gn2mi| b 4T @Iy
. where ml* is the longitudinal effective mass, h is the Planck's constant, E is the electric
k ﬁeld and n is the quantum number of the energy level. '

- The 2DEG is characterized by three physical parameters for the equﬂlbnum state: The
Fermi-level position in the 2DEG Egg, the sheet density of 2DEG carriers ng, and the

‘electric ﬁe’ld at the interface in GaAs Ejj. The relationship between them w1ll be - '
estabhshed The notations are deﬁned by Fig. 2. 4 and Fig. 2.5. HESCEE .

2.2.1 ns versus Ell

B The P01sson equatlon of the GaAs depleuon teglon is

d—E— (—)(n(x) Ny) (2 ':i'z)" |



- : ' semi-insulating substrate

~ Figure 2.4 MODFET structure with defined notations and coordinates.

I Ecz_i,q'zvu
En T —

- (EnEa(0)

vaz , ~_ y;.

. MGasAs - GaAs
Figure 2.5 MODFET energy band diagram for isolated regime.
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: The dcnSIty of-states funcnon is shown by F1g 2. 6 Using Fenm-Dlrac stausucs, we get
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where Ny is ionized donor densny in GaAs and n(z) is bulk free electron concentranon

. Integrauon across the depietlon reglon (between E(x—xl)—O and E(x—O)—Eh) of GaAs

. ElEll-Q(ns+N1x1) 'f o '(2.13)

'Typxcally, N1x1~1014cm‘3x0 S5um = 1010c:m'2 << ns~1012cm‘2 thus |

€1Ejj=qng o "‘{ @1

: leew1se, we have the similar relationship for the undoped AlGaAs:

eFgi=qng | B AT

o Substltutmg (2.14) into (2.11) for GaAs, we have the first two energy levels: -

Eg(eV)=Yo(ng)2/3 | B
E1(eV)~Yl(ns)2/3 | , o eie
The two constants obtained here ‘ : o . - o ‘

70—226x10 12
I =40x1012  (gpy

- are adJustable They are expenmentally est1mated as: (6)(30)(31)

Yo =2.50x10°12
. ’Y 1 320X10 le - (SI)

2.2.2 ngvs.Er

The dens1ty of states An(E) for a two dimensional system is
 An() = 2ma” o

Q. 17)

Ei ' oo . .
=AnE) | ——dE— + 2An(E) B
1+C kT B 1+e_k?— ;
An(E)kT (ErEo ErE1) ‘

T (e )<1+e W) 218

- This ekpression'applies toa two-level system. It is also a vahd approximation to the N-
* level system because typlcally only the first 2 levels are significantly filled.

More practlcally, we desire to establish a function in terms of donor densxty in the

o AlGaAs N2 and the thlckness of the. undoped AlGaAs spacer layer d. -



density-
e of-statcsﬁ
function

Bl

| EO © El-
Figure 2.6 Deii'sity-of-état_cs function vs. energy En. - -

R 223 ng=f(d, Np)
The P01sson equation for the depletion region in AlGaAs is
: @V, gNa(x)
dx2 €2

donor den51ty in AlGaAs, with the boundary cond1t10ns

Va(x=0) =0

d&] | =-Ey(x=-x) =0
[d\:; e 2=2)
Y2y o

& ) =By

and
: N2(x)—0 -d< x <0 -
- Na(x)= N2, X2 <x<-d

17

"Energy (En) -

‘ . (2 19)
where V3 is the potential drop. in AlGaAs from the AlGaAs/GaAs mterface and N2 is the

" (220)

'(‘2.21)
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where X2 is the depleuon wrdth of doped n+ AlGaAs plus the thickness of the spacer layer

- and is determined by (2.10). Solving these equations, we find the band bendmg in
'AlGaAs V20 as defined in Fig. 2.5: ‘

eEpp=qNa(xp-d) - ez

Va0 =______2_qN2(x2 &) . o "
. 26, e
Combining (2.22) and (2.23) gives: | EOR R -

v £2E2; =V 2qesN2Vo+q2N3 dz-qud - | (2.24) |
- From the energy band diagram of Fig. 2.5 we have: | SRR - -
L 'qV20 = AEc - Efo + Ec1(0) 52 | ' Q. 25)
' Addmonally, with the interface states neglected, Gauss's Law can be apphed to get

- e2Epj~e1Eqi=qng . e (2 26)

The final expressmn is then obtained from (2.18), (2.24) and (2. 26)
/ v 2q82N2V20+G2N3d2-qN2d = g,

(En-Eci(0)-Eo) (EnEa(O)VEI)’ o
—An(E)k'ﬂn(1+e kT (+e g ) (227)

Herc, EO (or El) are energy difference between the ground level (or the first level) .

E and the valence energy band at x=0, i.e., E.1(0). This equation can only be solved .
: numencall_y. “The procedure is to pick an arbitrary low value for Eq)-E1(0).to determine '

| - ng by' (2.24), (2.25) ‘and (2.26). Eq and Ej are computed by (2.16) and are then

substituted back to (2.18) to calculate a new ng. Iterate this procedure unul the two ng's

_calculated above are equal.

- Given some basic constants:_
Nc=2(2rmy, *kT/h2)3/2=9.15x1017cm3,
- 52=(Ec-Ep)A1GaAs=kTxInMN/Ng) (eV),
- AE=1.06x (V) =0.32¢V. .
where the mole fraction of Al X, is assumped to be 0. 3 and :
~ kT=0.0259%V (300K), :
- mp --0.11m0, ,
€9=1.08x10"12F/cm,
An(E)=2. 75x1013 v-lem2, |
_the carrier ‘concentration can be calculated in terms of spacer thlckness d and doping
dens1ty in AlGaAs, N2, as shown in Table 2. 1(33) and Flg 2.7. (33) '



‘with the conditions

' vwhere t2 is the thlckness of the entire doped and undoped AlGaAs layer and

From (2.26) and (2.33), we have:
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2. 3 Schottky Gate Charge Control Regime

1In this section, the effects of the Schottky gate on the 2DEG will be 1nvest1gated

‘Snppose the AlGaAs layer i is thin enough or the gate voltage is negative enough that the - |
‘AlGaAs layer is completely depleted. The band dlagram of the mﬂuence of the Schottky

Table 2.1 The 2DEG camer concentratxon ns (cm'z) (33)

d (A)ﬁ, AlGaAs., doping dqn,siw, Ny '(,c,m'.3_) |
[ 1x1017 | sx1017 | 1x1018 | .
|50 | a79x1011 | 9.00x101! | 113x1012]
100 | 4.44x1011 | 7.73x1011 | 9.27x1011 |
150 | 4.12x1011 | 6.73x1011 7.84x1011
200 ‘383x1011 5.95x1011 | 6.77x1011

‘gate is shown in Fig. 2.8. The Poisson equatlon is then:

@2V __gNa(x) , el
&2 e (229

No®)=0, -d<x<0

| CNp®)=Np, -tp<x<-d - e Y N
- and the potentlal reference pomt is taken at the mterface V2(x—0)-0 then o - o

qu(tz d) :
v ty) =122/ _Eot Vs - Egit L
2(-12) 26, 2it2 = Vpo - Egity . (2.30)

Vo, _(1N2(t2-d)2 S , o
P27 2, ,» - o S (2.31)

a From Fig. 2. 8 we also have the relauonshlp

QVa(-t2) = Dpn - qVg+E¢ - Ei(0-AE; -~ (232)

where ‘DBN is the metal-semlconductor work function dlfference Substltutmg Q. 32) into i
(2 30), we. get o L e
Ef-‘DBN+ Ec1(0)+AEc)

tzl - o i (2.33)

&2Ey; =
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2DEG 4
Carrier :
Concentration

ng (101cm2)

l‘l l- 1-1

' AlGaAs Dopmg Densny, N, (cm'3)

0.3

L Fxgure 2.7 2DEG carrier concentrauon vs. AlGaAs doping dens1ty for vanous d. (33)

N AlGasAs =~ GaAs
Figure 2.8 The energy band diagram for the’ghargé control regime.
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Q= =-qng = _C2(Vp2+v + q>BN Ef"Ecl(O)"FAEC)

qQ . (2 34)

where Cp= £2/t2 can be cons1dered as the capacitance of AlGaAs Smce Ef—Ec(O) is

- always very small compared with the other terms (its dependence on the gate voltage will |
“be d1scussed later) (2.34) can be reduced to- FIR >
) Qs ~'C2(Vg'vth) T '<2.35)
. th = (DBNq " Vi2 | 236)
Obv1ously QS—O ie., the 2DEG is ehmmated when Vg—Vth, therefore the Vth is defined
as the threshold voltage. S : : o
By examination of above equauons several comments or conclus1ons can be made ‘

- here.

e 2.3.1 The effect of mterface states : _

- If the 1nterface states Q; are taken into account, the threshold voltage Vth of (2 35 -
twould be shifted as - R S '

OBy Q0 R L

q p2° C2 ER @3]

1232 Comrol of Vth

: For a given dev1ce the terms PBN-and AE_ i in (2.36) are ﬁxed therefore the threshold '

voltage Vth is controlled by the term Vp2= qu(tz d)2/2£2 sz can be changed by
changing either the doping of AlGaAs, N, or the thickness of the doped AlGaAs layer,
t2-d. A higher doplng N2 is usually used to provxde a high carrier concentration (Note -

_ 'through (2.27) that the maximum 2DEG density depends on N 2) Thus the thrckness of

 the AlGaAs is most often used to control the Vg,

If the thickness of the doped AlGaAs layer, tp, is large enough so Vth isa large

_ negatlve number (see (2 31) and (2. 37)), then the Qg of the 2DEG is not zero, and a

‘reverse bias voltage on the Schottky gate is needed to shut off the channel of the device.
The device is then "depletion-mode”. ‘When the thickness t is decreased, Vp2is
decreased and Vth becomes less negative. Ata point where ) is decreased to such a value

' that Vth-O from (2.35) a forward bias gate voltage is now needed to create a 2DEG

L channel to turn on the device.- After this pomt the device becornes enhancement-mode"
, ~ Physically the transition that from the 1solated regime to the charge control regime
'?"occurs when the gate-to- channel separation is- equal to. the depletlon reglon width
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, ;contnbuted by both Schottky gate and AlGaAs/GaAs heterojunction. Alternatively, for a
“ given thickness tp, the transition gate voltage Vgtr between the two regimes can be found

by equatmg (2.24) t0 (2.33),

Vyo = 2 ,[ aNy3 ’\/F o Efo+Ect(0) qud2 J
T 28y 28,

' (2.38)
A decreased thickness of the doped AlGaAs layer will lead to an 1ncreased threshold

_ “voltage. This also makes sense from the band diagram point of view. Fig. 2.9 (a) shows
. that before etch, the n+AlGaAs layer is partially depleted by surface (the outside face for

metal contact) and interface (between AlGaAs and undoped GaAs) depletion. The device

- now 1s deplet1on -mode, Vih < 0, because it is conducting when Vg-O After some of

n+AlGaAs layer is etched away, the total number of donors is decreased so that more
neutral donors are ionized. -After all donors are ionized when the etch continues, the
dens1ty of carriers in the 2DEG will begm to decrease. The 1nterface bands of GaAs will

become more flat (in Fig. 2.9 (b)) than in Fig. 2.9 (a). The device now is still depletton-

mode because a 2DEG is still there, but Vth has become less negative. As the etch is
connnued further, the band bendmg in the GaAs becomes more and more flat unul it
touches the interface Ferrm level (Fig. 2.9 (c)). At this po1nt any small change in. gate

bias w111 turn the transistor on or off, by positive or negative gate voltage, respecttvely,
therefore Vh=0 now. The transistor becomes enhancement-mode from this point on.

Further etch after th1s will cause the space charge region in the AlGaAs to extend into the -

-GaAs layer until the 2DEG disappears, as shown i in Fig. 29 (d). Vih >0 now bécause

the trans1stor will be tumed on only when a positive Vgg (> Vth) is apphed as shown by

o the dashed line in Fig. 2.9 (d)

2.3. 3 Depletlon-mode and enhancement—mode Dev10e
For the depletlon mode device, the optnnal AlGaAs thxckness ty is chosen such that

oo 2(;2;1« &) ,\[ % (AEc; 'Ef0+Ecl(0))+d2
L 2

-(2.39)

' ;Th1s t2op enables the 2DEG be affected by any negatlve gate voltage - Given the

“Schottky barrier height ®pN=1.106eV(34) and typical AlGaAs doping N=1x1018cm-3,
for various spacer layer thtckness d, the t25p and corresponding threshold voltage Vy, for

» the depleuon-mode dev1ce can be calculated by (2. 39) and (2.36), respectxvely, as shown
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(d). more etch than (c): E-mode

“device formed,Vth3>0.

' Figure 2.9 The energy-band diagrams with regard ‘té"etching-_ .



. 5.50'-‘-4
v t2015’(‘8‘) 600 -
» - 550 —
- : 1 1 i 3 | i
0 . 850 - 100 - 150 200 : 25!})» o
Spacer Layer Thickness d(A)

(&) t20p and Vin for optimal D-mode MODFET with N2=1018cm-3,33)

o
@
st

o
~
ad

0.6+

o o
H w
" i L A

- Thresold Voltage Vih (V)
o )
;v

[=2x
N
o | ik

0.1

0-0200 255 2%0 2;5' 360 355‘350 3;5 463 455 4%0 4;5 560 ‘
AlGaAs Thickness, tz(A) - A :
) B vs. Vm for E-mode MODEET with N 2—10180m’3 d—zooA

Flgure 2.10 N2 s, threshold voltages for (a) opnmal D-mode and, (b) E—
‘ MODFET’s.



in- F1g 2 10 (a) A thlcker ty will produre a more negatlve Vth because part of the gate O

- :‘::,\voltage must be used to deplete the extra thtckness of AlGaAs, 2~t20p

S1m11arly, for the enhancement-mode devrce, given spacer layer thlckness d and B

: ’ »{:AlGaAs dopmg N2, a SCI‘ICS of Vth vs. the various t) can be calculated from (2 31) and -
: “"(2 36) The result is ﬂlustrated in F1g 2:10 (b). : : -

A ﬁnal ‘comment is about the choice of the spacer layer thlckness d. ‘The trade off 1s1 | o

B ‘»that a thmner d w1ll lead toa hlgher 2DEG carner concentratton ng but a lower mob111ty p :
‘_.because of closer physical separatton between the 1omzed 1mpunty centers in AlGaAs and' _' S
the camers in 2DEG. ‘ ' : o

:2 4 DC Current Voltage Model of MODFET

The coordmate system used for this analysrs is 1llustrated by Fxg 2 4. When a voltage s S

_ Vd is apphed between the grounded source and the positive dram the effecnve voltage for -
. fcharge control by the gate at any pomt of the channel chf(z) can be expressed in terms

E , iof the gate voltage Vg and the potential at the correspondmg pomt in the channel Vc(z)

- so (235)becomes :

E R Qs(z)== C2(V g-Vc(z) Vth) L (241)
- __'Thecurrentmthe channelatanypomtxls given by - S

BEACCE vg-vc<z> e

I@=Qv@W - (242)_};;},;.{..{'»,;r»“'

- :where W is the gate width and v(z) i is the el’ectron veloc1ty Only the dI'lft component is
consrdered here because the d1ffus1on component is smaIl enough to be 1gnored for the : 3‘}
" first order ana]ysrs ' ’ ' )

.~ . . The electron velocity w1ll be saturated by the scattenng hrmtatton after the effecttve‘
electnc field E in the channel exceeds a critical value E. Thus, ' : '

» v-p.E . <Ec o , o
e - v=vsa, E>Ecc (243)“
, (N ote: unhke the Si MOSFET case, the saturation velocity Vsat is field dependant for GaAs

"MODFETs) Simiilar to the case in Si MOSEFETS, there are also three operation regions for |

i the MODFET. The first region is the lmear region for small drain voltage V4 and Vg>

B - Vth where the dram current I4 is: mcreased proportionally with Vg, corresponding to the

L electron velocrty before saturatlon ‘The second region, Vg > Vi, but Vas 2 Vs Vth is
‘the saturation region where Id is bas1cally a constant for certain Vg corrcspondmg to the

- _f;_electron veloc1ty saturation or the channel pmch-off in the dram end. The th1rd reglon is
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the tnode reglon Vg > Vth but Vas S Vg - Vm whxch is an mtenm state between the hnear
o and the saturatton reglons Physxcally, this region corresponds to the state in Wthh the
o ZDEG channel starts narrowing for the increased V{ to the channel pmch-off m the drain

| "end Once pmch«»off occurs, Id remams constant and the dev1ce enters the saturation -

e reglon

2 4.1 The linear reglon

L gate length) is small as compared to Vg ‘We thus have
: - v(z) uE
"il;'il_’Then(242)becomes L SR | . o -
L L= ucxw—xvg-vm)vd T ey
” Ifthe source/dram access resistances Rs/Rdarecon51dered then e : -
S ks V= Vc(L) Vc(O) Vd'Id(Rs+Rd) SV " (2.45)
"‘_.,_;;’Substltuungthlsmto(244),weobta1n o R TR,
or o B S T
L L llcz(Vg-Vm) o (2.47)
o As menuoned earher, in th1s hnear region the MODFET acts asa pure controllable res1stor b

. o For small Id(Rs"'Rd) (2.46) can be reduced t0:

Id uC2( (Vg Vth)Vd o - R (248)

: : , 242 Tnode region : ,
In tlus regron Vdi is mcreased frorn the linear region so that the channel voltage drop
. . can not be neglected. But the electnc field in the channel does not reach Ec yet.
: Substltutmg Q. 40) into (2 42), yields: ' Ce

1) = wcz[vg-v;h-vx an ‘“’"‘z)

o RERCYON

S Integrattng thlS equatlon from zero to L and assummg I(z) isa constant throughout the

' channel, we obtam

’de pcgw[(vg-Vm)(vc(L)-vc(o»—wc(L) Vc(O))2] (2 50 )

In thts reglon the effectlve channel voltage drop V¢’ —VC(L) Vc(O) (where L isthe |
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, Substltutmg (2 45) into this equation and rearranging the result, we have: - -
L=V Vil Ve LR RO Vi TRy #R ) )(2 sy

" Agam if” Id(R +Rd) can be neglected as compared to the drain voltage Vd, (2 51) then

becomes:

R

2. 4 3 Saturatlon region

When Vd is increased, Vd > Vg-Vih,, the channel will be plnched-off near the dram‘ - o

end first The electric field at this end is larger than anywhere else in the channel because a
vpomon of the drain voltage, Vd'(vg'vth) will be applied to the depletion region at the

- ’dram end of the channel. Integratmg (2.49) from zero to x and rearrangmg the result, we

- have:” _
L _ i ) Vc(z)-;Vc(O) R :
Lz = RO WI(Vy-Va(Ve(d) vc(O)) B e S R
= VoVoe V-Vo(0 2_214L |
| | V(@) = Vg-Vi V(Vg‘vth Vc(0) (254)
Applymg E(z)—ch(z)/dz, E(L)—Ec, and “-Vsat/Ec to (2 47) and 2. 48), we get o
Lisur= Czww(w/ E¢2;L2+(Vg‘vth’RsIdsa92 B e 55)

. ;2 5 Dlscusswn of Model : o
" Under certain conditions, the model we have developed can be simplified whlle under ,
) "some other circumstances, the model is modified by taking into account the effects we
have ignored. A few simple cases will be discussed in this section.. The correspondence
between the MOSFET and MODEFET will also be discussed.

2.5.1 Application of Model
For large gate length, E.L >> (Vg-Vih-Rsldsap), (2.55) can be approxxmated as:

HCo w , S
Lisat= ——( >(VzrVurRsIdsa92 C '_  (2.56)
'If R Idsat can be neglected as compared to the (V g—Vth) 2.56) becomes : v
| | N Wrro o2 | il
Idsal ——( )(Vg Vi) v . @2.57)

- ThlS familiar square law can also be found in the MOSFET. Equatmg (2.52) to (2.57), the
- iransmon drain voltage Vsat between the triode reglon and the saturation reglon can be

' found '
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Vasat=VgVm R X))
: Clearly this point corresponds to the drain end channel plnch-off as we menuon.,d earlier.
' For short gate length, EcL << (Vg-Vi-Rglgsat), (2.55) becomes o
: , Lisat=C2Wvsat(Vg-Vih-Rsldsar) o (2 59
This hnear dependence of Igsat vs. Vg for the short gate case makes a constant
saturation transconductance ‘
S AVg Jv.=const ‘ R o (2.60)
© an nnportant figure for the merit of FETs, while the square dependence of (2 56) for large :
gate leads to an increased Gm proportional to V. -

Also for short gate, the transition drain voltage Vsat between the tnode and the o

‘ - saturation regions can be found by equating (2.52) and (2.55), w1th some assumptions =

~and s1mphﬁcanons

Vasa= (Vg Van)(1- | | SR
dsat= (Vg Vin)( ,\/—_(3%) L e

- For very small gate length L, this equauon w1ll be reduced to -

Vdsat=EcL ' ‘ -
by first order Taylor expansxon ThlS physically corresponds to the case e of electron
2 veloclty saturation.

252 Modification of model
The first correction comes from our earlier assumption of small and constant Fermi
- level In reahty the change in Ef with Vg changes the effectlve gate- to-channel separauon
by about At2—8OA (35) Thus | X .
L Cp=—52_ ' _ Do '
AR ' o o (2 62)
Recall Q. 35), _the decreased Cy w1ll also decrease the carrier concentratlon of the 2DEG
espec1ally when the doped AlGaAs layer is relauvely thin. :
- The second obvious correction is to add the diffusion term which we d1d not consxder :
in the’ previous model. An nnproved model including the mob1hty degradatxon effect, has
been developed by Park etal.(36) : v

. 2.5.3 Correspondence between MOSFET and MODFET
v From the previous discussion, the external current- -voltage similarity between the -
. M(})DEET} and MOSFET has been mentioned. A physical correspondence can also be well -
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: estabhshed. The AlGaAs layer can be treated as "msulator" similar to the gate ox1de in the |
MOSFET because the reverse bias current through the Schottky gate is negligible. The-

-band bendmg in the "insulator” (i.e., in the AlGaAs) in the MODFET can be thought of as SR

~due to a significant volume charge, such as ionized sodium, distributed throughout the

" . msulator (oxide) in the MOSFET. The AE; conduction band discontinuity replaces the
sermconductor—to—msulator barrier height in the usual MOSFET. Such a correspondence FEE

allows the direct use of MOSFET formalism to model the MODFET.(37)
: " As we have dérived in these two sections, the DC current-voltage relauonshlps of the
: MODFET in the three regions, i.e., (2.48), (2.52) and (2.57) for the linear, the tnode and
 the saturation’ reglons respectively, have forms completely similar to that of Si MOSFETs ‘
: for the correspondmg operation reglons Since both external and physical correspondence
ex1sts ‘between the MODFET and MOSFET it is very profitable to make use of the -
A knowledge of NMOS circuit design to des1gn the MODFET c1rcu1t Wthh w111 be the-
| subject of the next chapter.- ' : :
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' CHAPTER 3

TEST CHIP DESIGN

Wlth the model developed in the last chapter we are able to desxgn deplenon-mode .

‘and enhancement-mode MODFET devices, inverters and other logic gates as well as some

c1rcu1ts like ring oscillators. This chapter w1ll dlSCUSS the cons1derat10ns for MODFET o

, dev1ce and c:rcult design. -

’ De51gn of discrete depletion-mode and. enhancement—mode dewces will be dlSCUSSCd in
Secuon 3.1. Section 3.2 will discuss the design of logic gates and nng oscillators.
'Secnon 3.3 will present a MODFET process overv1ew Fmally, Sectlon 3 4 will d1scuss-"

| cons1derat10ns for design of mask layout '

v 3 1 MODFET Device Design |
The goal of this section is to find out the saturation current at zero gate bias Idsat for

the ungated device, and, for the device w1th a gate, to find the drain current Id for the
~given gate length L and gate voltage Vg F1g 3.1 shows the layout ofa MODFET device
w1th the defined dimension notanons The key formula used to des1gn the dev1ce is
equation (2.55). '
- * First, consider the depletion-mode MODFET. Remembenng the trade-off of undoped
AlGaAs thickness d discussed earlier, usually the reasonable values of d and N5 are ZOOA _
~ and lxlolscm‘?’ respectively. Thus for the depletion-mode MODFET, Table 2 1 gives .
ng=6. 77x1011cm-3 and Flg 2.10 (a) glves .
ty=6604
Vth— -0.75Vv.

C, = —1634x107F '
2= da cm?2

Further assume
1=5000cm2/V-sec.
Vgar=1x107cm/sec.
_ Ec=3x103V/cm
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" Figure 3.1 The layout of a MODFET device with dimension parameters defined.
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~ 'The source or drain resistance

L

| | | RFR““"W*R? o e e ’(3.;1)
C o quns S o N € )

s the sheet resistance and Rc is the contact Tresistance (their measurements: will be |

. ‘drscussed in Chapter 5). Here ps=1.84kQ (as will be d1scussed in Chapter 5). Choosrng o
'L'=2um, W=40um and R¢=1502, we thus get Rg=R¢=242Q. Substrtutrng these values -

" into (2.55), the numencal solution for Igsas (Vg=0) versus gate length L fora depletron-

mode MODFET is calculated and shown in Fig. 3 2 (a) . _
- For the enhancement-mode device, the same procedure and parameters are taken '_
except that - ‘ ‘ B
V=02V
o d2—380A (from Fig. 2.10 (b)),
» o -7 K F
. cm?, ' ‘
. The. numerical calculatlon results of Idsat(vg"lv) VS. L are shown in F1g 3. 2 (b). ‘

" j For gate length L—2um, Idsat (Vg-IV) =22mA.

» C2~— 283x1
T dy

__ ,.,.13 2 Cnrcult Desngn : :

' The inverter (NOT gate) is. the basrc element of all digital loglc famxhes and more

‘, comphcated digital c1rcu1ts The design of the inverter, three-input NAND and NOR

) gates, and ring oscillator will be discussed i in each of the followmg subsecttons The .-
'DCFL c1rcu1t has been used for these c1rcu1ts |

D 321 Inverter
As 1n the MOSFET case, the MODFET inverter can be created by several drfferent B
‘ ways, as: shown in Fig. 3. 3 They all have an enhancement-mode dnver in common.
s Only the loads are changed Either reststxve load (I‘CSlStOI' ) or active load (trans1stor) can
be used Among them, the depletlon load in Fig. 3.3 (b) is most usually used. One ofthe

o reasons is that when V;jp=0, inverter' s output h1gh voltage Vo can be pulled up to Vd4d

,whrle the one m Flg 3.3 (c) can not. This is due to the fact that the depletlon-mode FET
_ m Flg 3 3(b)i 1s hooked-up in such a way that it acts as a non-linear resistor.. VoH-Vdd is

. .also true for the ohmic load mverter in Frg 3. 3 (d) The load transistor is ohmrc smce itis »

o vforced to operate m 1ts hnear regton For these two cases, the loads are always conductxve :
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‘ (c) saturation-load inverter. - (d) ohmic-load inverter.
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(¢) ungated depletion-load inverter
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" Figure 3.3 Inverter elements with various types of loads.
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'_so' that the output Vout is pulled up to Vo =Vgq. In contrast, the saturated load in Fig.
3.3 (c) can not pull Vg, all the way up to Vdd, but Vou=V44-Vyy instead. This is
because when the source of the load transistor has been pulled up to VOH‘Vdd'Vth the
- gate- to-source voltage is Vdd-(Vdd'Vth) 'Vih, and the transistor turns off.

- The type of i inverter we have des1gned is shown in Fig. 3.3 (e). Itisa dcplctlon-
load/enhanccment-dnvcr (E/D type) inverter. The load is an ungatcd device. Its "floating
- gate" can be thought of as Vgl-O (subscripts 1 and d stand for load and driver,

respectively) for the design calculation of the inverter.
Given Vi,1=-3.5V, V34=1.0V, and V=0, we can construct thc following table:

Vout Vdsl - Vgst Vgsl-Vihl
- VYout Vdd-Vour OV -Vihl
oV 1\ ov 3.5V
v - ov ov 3.5V

Since Vds1< Vgsi-Vin for all values of Vgy, the load is always ohmic as the one shown
in Fig. 3.3 (d). :

Now the (W/L) ratio must be determmed for both enhancement-mode driver and
dcpletlon -mode load. In addition, to make an inverter work properly, a very important

parameter,
| Br = & - ' .
T B - (3.2
is yet to be determined, where ’
Ba=hdCod D)
Bi= ulcm(W)

Considering the process tcchnology avallable at Purdue (such as the minimum
linewidth defined by the optical aligner) and the discussion of the last section, the
following values for the dimension of the enhancement—mode driver (E-driver) were
chosen:

Wdriver=Wq=40um °

Ldriver=Lg=2um

SDgrjver=SDg=6um

Lg4'=2pm :

where SD is the source-drain spacing and L' is defined in F1g 3.1.
For the sake of symmetry and simplicity, Wioad Can take the same value as that of the

driver, that is



e

_ .The load is also ohmlc because '
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Wload"wlr“ollm

| What value of SDload (or’ SDl), Wthh is also the "gate length" Lload (or L1) for the
: ungated D-load, should be taken? ‘

~ Supposing Vdg=1.0V, Vig=0.: 3V and Vip= -3 SV, we will next calcula‘te the output

- high and output low voltage of the inverter, VoH and VOL’ respectlvely for input voltages‘
. .of zero and Vdd. (Stnctly speaking, Vog is the output when the mput is equal to the VoL, "
" not zero. Here zero and Vdd for input low and hlgh rather than the VoL and VOH’
: _respecnvely, are chosen for srmphclty) ' R a2

’. For Vm—OV VO—V(,H V,dd since

o the dnver is shut off therefore the drain current for E-dnver Idd—O

Vdsl"vdd'VoH"o < Vgsl'vthl"+3 5V

' The load is in the ohmic operanon region. Vg will be pulled all the way up to Vdd since
o 'fthe drain current of the load Idl" Iaq (’because they are in senes) is zero, therefore there is
T ,-no voltage drop across the load, nor between the Vg4 and Voyy. - ' '

For Vm-l 0V, Vo—VoL’ which will be calculated as follows. -

Flrst, let s see what regions the driver and the load are eventually 1n B

Vdsd'VoL < Vgsd“vthd—l .0-0. 3=O v

H ""The driver is in its ohmic or tnode reglon From (2 52), the current-voltage relauonshlp of
E the E-dnver is thus : - .

Tu= Bd[(Vgsd Vthd)vdsd ] ey

- o therefore the cument-voltage relauonshlp of the load is:

Idl Bl[(vgsl "Vthl) ] (3 4) ‘

o Equatmg (3 3) 10. (3 4) and rearrangmg the result, we obtam

(1+[5,)V0L+2vo,[vﬂ,l a,wdd Vadl- 2(V,h1 + Vdd)vdd o %

Substltunng the assumed values of Vdd, Vthd and Vthb we then have : A .



37

7+1.48,V 25-4.4B.+1.96p7 BT e
2(1+B,) P (3.7
: To see the dependence of VoL on B;, we may neglect the second order term V. 2in (3.6)
when VOL is much smaller than V4q=1V, thus : -
Voo=—=98 _ : =
> - 7(1+40.28) S 6. 8)
This expressron clearly shows that a bigger B, will lead to a lower VoL Given VoL—O 1V,
~atypical value of Br =40 can be calculated by (3.6). Thus a vanety of B; values from 25

’vto 50 were chosen for the test ch1p

When we calculate |3r we assumed Czd—C21, ie., the capacrtances of the E-mode and -

: ,.D-mode devices were supposed equal. Strictly speaking, this is not true. The gate regions
~of the E-driver is recessed more than that of the D-loads. This results- in a different
) AlGaAs thicknesses, or different Cz between the E-driver and D-load. Typrcal values for

» the AlGaAs thrcknesses of the E-driver and unetched D-load are 4OOA and 6004,
o respectlvely, therefore C24/C2] = 3/2. The real value of By should be about ﬁfty percent

,larger than what we have calculated. For the etched D-load, thls factor of difference
between the real P and the calculated one would be smaller. :
i - The DC transfer characteristic of an 1nverter can be analyzed graphxcally 1f both
= 'charactensucs of the driver and the load are given. This is reallzed by superxmposmg the

Ctwo -V charactenstm curves with the same current and voltage scale, as shown i in Fig.3.4

' "(c) Note that the curve of the load from Fig. 3.4 (b) is ﬂrpped to the load line shown in
F1g 3.4 (c). By this way, it is very easy to determine if the inverter is properly designed.
If the load is not resistive enough as the dashed line in Fig. 3.4 (c), the left cross point of
two curves for a given Ved of E-dnver will be. too large, indicated by V'q]  in Fig. 3.4 (c).
In other words, the output low voltage of the inverter formed by these two transistors will
be too high. If a circuit is built using these inverters, it will not work since no operating
points can be found for the inverters, as shoW"n in Fig. 3.5 (a). - A well designed rnVerter
as far as the DC charactenst1c is- concerned should have good operatlng pomts shown in
,Flg 3.5.(b). ‘ :

. To make the load more resistive, two approaches can be taken. One is to mcrease the
- gate length of the load by choosing the large value of L (or Pr), in case the Wq, Lgq. and

’ W] are fixed. The other way is to change the threshold voltage of the load, Vih1 while Lj is _
kept relauvely short. Thrs can be explamed by lookmg at the relauonshlp between the V0L
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(C).O\)erlap of the two transistors of an inverter to ﬁnvdlout the logic swihg’. '
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(b) transfer characteristics of an inverter with operating points.

Figure 3.5 Transfer characteristics of (a) without and (b) with operating points.



- and Vlhl leferentlatmg (3.5), we have:
_ dVoL _ ~ VarVoL

AV VOL‘*‘VthI*'Bx(VOL"‘Vtthdd) | (3 9)
From the typlcal values given previously, (Vgg-VeL) > 0 while both (VoL+Vthl) and
WQL"‘Vthd'Vdd) are negatlve Thus - o
Do .o . S |
, AV ‘ L (3 10)
. This means a less negative Vthl will cause a lower V. Recalling the d1scussmn of - |
Chapter 2, Vihl can be increased by decreasing the thicknesses of the AlGaAs layer, t. |

Fig. 3.6 shows the experimental measurements of the change of load lines for vanou_s
t1mes of load recess etch, or equivalently, the various thicknesses of the AlGaAs layer.

« It should be noted that to compare the two ways to determine the load for the mverter ,
the advantage of one is the disadvantage of the other. The long load is simple to process
because a threshold adjust etch for the D-load is not requ1red and therefore one major -
process step, D-load recess etch, may be skipped. But this choice is poor m device area.
- The method of i 1ncreas1ng threshold voltage of the load is good in saving area but bad in

o : 1ncreas1ng the process complexity. An extra etching step, relative to the long_load choice,

must be added. It is especially bad if accurate control of V) is required by the design,
remembering the trouble in control of threshold voltage across the Wafel_' mentioned in’
Chapter 1. e '

. Both types of load--etched and unetched loads were designed on the test chlps It is
not difficult to calculate how much Vi should. be increased, or equivalently how much

etching time should be taken, by equation (3.5) with B given. But a very sunple and quick

way is to' look at the experimental results shown in Fig. 3.6. The line (1) shows the load .
line before any etch. The line (4) shows the load line after 26 second etch The current of
the load is reduced approxlmately five times after this etch. If the line (4) is accepted as a
good load line for the driver shown in this figure, then the unetched load must be designed
‘ as the line (5) shown on Fig. 3.6 to have an equivalent logic swing. This implies that for
- the same VoL, the current Idl and the gate length L (or Br) of the unetched load should be
roughly five times that of the etched load Idl and L1 (or Br ) respectlvely ‘This factor

of 5 has been-used to des1gn the inverters with the etched loads for the test Chlp fabricated.

E 3.2.2 NAND and NOR logic gates :
The c1rcu1ts and logic symbols of three-input NAND and NOR gates are shown in
‘Fig. 3.7 and 3.8, respectively. The truth table of NAND logic is shown by column Z1 i in
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" Figure 3.6 'chéx_‘acter_isﬁcs with load lines corresponding to different etching times.
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Figure 3.8 Circuit and log_ic‘?symbol of three-input NOR logic gate.



. Table 3.1 The truth table of 3-input NAND (21 ) and NOR (£2) logic.

state No. | A B C Z,=ABC 22=A+B+c AU
1 0 0 | o 1 ‘
12 0 0 1 1 0
13 0 1 0 1 0
14 0 1 1 1 0
P n T, X o
6 1 0" 1 1 o
17 1 1 0 1 0"
18 1 1 1 0 0

Table 3. 1 :
“To analyze the DC charactenstlcs of the NAND circuit, first note that VoH-Vdd isa

good approximation. This is due to the use of a depletlon mode load, as discussed in the
- previous subsection. Vo=V occurs when any one.or more inputs are low because the

drivers are in series. If any one of the drivers is shut off, no current can pass from the
supply Vdd to ground. Only when all inputs are high will the output V,, be pulled down
to Vg, because the circuit is acting as an inverter. Three drivers with identical W over L
ratio of 40/2, for example, can be treated as a single enhancement-mode driver with an
equivale‘nt (W'/L")q=40/3x2=40/6. Supp_ose a Br of 25 for the inverter with an unetched
load or 5™ for the etched load is chosen, then (L*/Lg)=5* or Ll*;30 is chosen.

Similarly, the same procedure can also be applied to the analy51s of the NOR gate.
But three different cases must be cons1dered for the calculation of Vg this time: (a) one of
the dnvers is on, (b) two of the drivers are on, and (¢) all three drlvers are on. For each of
" these cases there exists a current path from the supply through the ground. Parallel drivers
for the later two cases can be treated as a single driver with two or three times larger
channcl width equivalently. The details of the calculation of Vg are skipped here. The
results are summarized in Table 3.2. The functlon of the NOR gate is presented by the

truth table of Table 3.1, column Zz ) :

3.2.3 Ring oscillator

Itis always important to know the speed of devices and the circuits. The propagation
delay time tp, the time spent to pass each inverter stage of the circuit, can be cha.ractcnzed
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Table 3.2 Summary of design results for various circuits built on the test chip.

Circuit  [1/O | E-driver (W/L] D-load (W/L) B
| _ - . Br.:"%é’
Unetched |Etched |Gated | B
11| 40n2 40/50 | no | 25
SD=6 SD=50 RE
fin| 402 14010 | no | 5%
SD=6 SD=10 o
/1| 4012 40/100 | no | 50
SD=8 SD=100 R
| /1| 402 14020 | no 10%
Inverter | | SD=8 SD=20|
- 1| 404 Jaon20 no | 30
SD=8  [sD=120 ]
Y1 | 40/4 - 4024 | no | 6+
_SD=8 Sp=24| |
|1y 4o faonso yes | 25
SD=10 - |sD=150 | B
1| 4006 4030 | yes | 5%
- | sp=10" SD=30-| S
“NAND |31 | 402 40/300 | no | - 5%(all three
- - SD=6 SD=30 | " drivers "on")
, 1371 402 40/6 | no .. 3*(one “on”)
'NoR | 1 sp=s. SD=6" | - 6*(two “on”)
o | " 9¥(three “on™)
01| 4072 40/40 no 20(11 stages)
| | sp=6 SD=40 |-
Ring 402 40/8 no | - 4*(l1 stages)
- Oscillators; SD=6 SD=8 | o
N | 402 1408 | no | . 4%(19 stages)
SD=6 . |sp=8 | o
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v, ‘_ by testmg the oscrllatlon frequency of the ring oscillator. For this purpose, also for testmgﬁ o ‘,

- the yield of the MODFET process technology developed at Purdue several rmg osc1llators,
<with both etched and unetched loads have been designed. o : :

A nng oscrllator is constructed by cascading an odd number of 1dentrcal inverter stages o

) .rfto mduce oscrllatrons, which may be measured at any mput or output node. - The
rzoscﬂlatory behavior of the circuit is achieved by the feedback provrded in connectmg the

| ‘output: of the final stage to the i mput of the first stage, as shown in F1g 3.9. Two output

'_t';stages are added for this MODFET ring oscillator des1gn ‘The primary functmn of the -

o ?output stage is to buffer the output s1gnal wrthout 1ntroducmg a large capacmve load on. the = -

- ‘fmtemal nodes. “Thus the E-driver of the last i inverter in the output stage is desrgned to have

* a doubled (W/L)q ratio, 80/2, than that of the rest of the inverters to increase the dnve o

o ;_ablhty of the circuit.

» The desrgn of MODFET inverters, three-mput NAND and NOR log1c gates and ring - | »
'oscrllators with-11 and 17 stages have been done on the bas1s of the above dJscussron o

The results are summanzed in Table 32..

E3 3 Process Overview ‘ .
B In this section we present a br1ef overview of the fabrication procedure in order to

o 'explam the mask sequence. A: detarled descnpt10n of the processrng steps w111 be grven m‘ e

o fthe next chapter . : :
- . The bare wafer to start the MODFET fabrication process is shown in F1g 3 10 (a) It
isa smgle heterOJunctlon (AlGaAs/GaAs) modulation-doped heterostructure grown by a
~ Perkin Elmer molecular beam epitaxy (MBE) machine. . : v
The first layer, undoped GaAs with thrckness of 1'to 1.5 jum; is grown on a semi-
: ,‘msulatmg substrate. The 2DEG layer will ‘be formed i m this GaAs layer. Then a IOOA '
: undoped AlGaAs is grown. This layer is named spacer layer because it is used to
».’-‘. physrcally separate the 2DEG from the ionized impurity centers in the doped AlGaAs .
- e layer.- There is a trade-off to choose the thickness d of the spacer layer, as mentroned in
Sectlon 2.3. A heavily doped n+AlGaAs is grown next.. The dopmg density of this layer .
o drrectly deterrmnes the carrier concentration of 2DEG, as shown in Fig. 2 5in Chapter 2, -
. therefore it is expected to be- doped as heavy as possible, typrcally lOlgcm'3 by Si
- donors. "The thickness of this layer depends on the device type. Usually ZOOA and 6OOA
- for enhancement- and depletlon-mode devices, respectrvely, are chosen The same .
S tluckness of AlGaAs are grown for all the dev1ces on the same wafcr and later recess etch
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o Flgtu'e 39 Logic diagram of an eleven-stage ring oscillator with two _output'stages;

s performed for the E-mode dev1ces Fmally, a very thln n+GaAs layer, normally from :
c SOA to 4OOA is grown on the top. This cap layer is used to protect the AlGaAs surface
' » jfrom bemg oxldlzed The other purpose of this layer i is to help the alloy contact to make a

B lower ohrmc contact res1stance in the source/drain areas. ‘ " :

leen the bare wafer described above, the first process step is dev1ce 1solat10n Smce

o the 2DEG layer exists across the whole ‘wafer, all of the devices built on the same chip =
- must be: 1solated electncally from each other. ~This i 1s done by a wet chemxcal etch a

process known as the mesa etch, as shown in F1g 3.10 (b). The 2DEG channel is

: o ._removed in the 1solat10n areas when the etch passes all the way through the doped AlGaAs
'_ g layer "The active areas, or mesas, on which the devices will be built, are deﬁned by the
L mask and under the protectxon of the photores1st when the etch is performed. T

The Next process step is to form the source/drain of the device. The second mask is

; used to deﬁne the source/dram pattern. Metals are evaporated on the wafer surface in - :

contact areas, with all other areas covered by photores1st Then the photores1st is strlpped -

o hftlng off the metal and leavmg metal in source/dram areas, as shown in F1g 3.10 ().
-~ This process is known as lift-off. The wafer is then annealed ata certaln temperature s
e (typlcally 450C-550C) to allow. the metals to interact with the surface of the wafer Thus a
hlghly doped n+ reglon in contact with metals forms an ohmic contact to the 2DEG by
: ‘electrons tunnehng through the narrow barrier. (34)(38)(39)(40) There are two lmportant

- jvffrequlrements for thls step One 1s to minimize the source/dram access res1stances, by
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Figure 3.10 Cross section schémqs of MODFET inverter pro(:és'sf
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* Figure 3.10 (continued).
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. making the source/drain-to- -gate spacing as close as possible. This spacing is limited by
: hthography of the gate pattern. A self-aligned gate process by i ion 1mp1antatlon has been
~ developed for this purpose. (15)(41) The other requirement is to minimize the ohmic
- contact resistance. The high contact resistance is the primary reason for low
transconductance or poor device performance in MODFETSs. The details of ohmlc contacts

“will be dxscussed in Section 4.3 later. co ' :

'" Mask three and four are used to deﬁne the recess etch patterns, through Wthh the

: ,etches are performed to control the threshold voltages of depletion and enhancement-mode
: -’_.fdev1ces Trespectively, as shown in Fig. 3.10 (d) and (¢). Both dry etch and wet chemical
- “etch can be applied to fulfill this process. For the selective reactive-ion etch (RIE), a pre- -
calculated thickness of AlGaAs for both the enhancement- and depletion-mode devices are -
| ‘grown precisely including etch stopping layers. The etch will stop automatically at.the
- specified layer. The wet etch is controlled by electrical monitoring of the drain current L.
- The uniformity control problem associated with the wet chemical etch will be addressed in
the next chapter. R | | | |

Fmally, the metalhzanon mask level 5 is done by metal evaporatlon and lift-off. The
gates, 1nterconnects, and pads are formed by this step. The Schottky barrier helghts of
,vanous metals making good Schottky contacts, such as Al, Au/Ge and pure Au, are almost -
the same, as will be discussed in Section 4. 4. The metal must be thick enough to cover the
- mesa depth as well as for the purpose of bonding and testing afterwards. The ﬁmshed
cross secnon of an MODFET inverter with an etched ungated D-load is shown in Fig. 3.10

CIE

34 Mask Desngn ,
_ ~ From the above discussion, five mask levels are needed for the MODFET test chip
fabncatton at Purdue. They are: : :

Mask #1 : mesa etch , ‘ ,
- In contrast to all the other mask levels, this mask is designed to be hght ﬁeld i.e., the
. ‘background (isolation regions) is transparent while the features (active areas or mesas) are

~ opaque. Therefore most areas of mask are clear. This allows the operator of the aligner to ‘

see the wafer below the mask easily. Since the MODFET wafer is usually small in area,

this light field design makes it easier to adjust the wafer's position relative to the mask in
order to make full use of the wafer's area. The AZ type positive photoresist is used for
this MODFET fabriéation. One alignment‘ mark is designed on this mask so that the
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- patterns formed in the first level can be ahgned to by the second mask through the mask
-aligner. .

:  Mask#2 ohmc contact
The source and drain areas are defined by this mask Three ahgnment marks are
- desngned for all subsequent mask alignment.

; Mask #3 recess etch for the depleuon—mode device .
Th1s level is aligned to the ohmic contact pattern. Some windows on the source and
drm_n reglons must be opened to allow the probing for electrical monitoring durmg etch.

R ‘Mask #4 recess etch for the enhancement-mode devxce ‘

‘ - This. level is also aligned to the ohmic contact mask in order to deﬁne the recess notch

, nght iri the middle of source and drain. Windows similar to the mask #3 must also be
desig‘ned on the mask for convenience of probing and monitoring. ‘ |

Mask #5 Metalhzauon , .

Ali gnment is an essent1al step for this mask. - Spacing between the gate and
K source/dram area to tolerate the misalignment must be considered. Otherw1se the gate will-
’ short to the source/drain areas by nusahgnment or other errors.

" The dark field design of mask #2 to #5 makes ahgnment easy for the type of marks

. used, as shown in Fig. 3.11 (b).

" The bonding pads are IOOumxIOOum "The overall size of each of the two ch1ps is
1395|.1mx1395um The pads of logic ClI'CUltS are designed to be along the die boundanes
‘ -for easier bondmg and testing afterwards. , -

Several testing structures such as Greek-cross structure for carner concentranon'

measurement Cross Bridge Kelvin Res1stor (CBKR) for contact resistance measurement R

'and MODFET capacitor for C-v measurement have also been des1gned on the test chip.
B The overall- layout of two ch1ps logxc c1rcu1ts and ring oscﬂlators, are shown in Fxg
-3.11 (@ and (b) respectively. - ST | o
- The layout file was created by CMASK graphics. 'The masks were made by a
' Cambndge Eiectron Beam Mask Fabncatlon system (EBMF system) ' :
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- Figure 3.11 Layout of (a)logic circuit chip and, (b) ring »oscbillator chip.
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A _Secnon 4. 5

o 4. 1 Photohthography and Llft-off

CHAPTER 4
PROCESS DEVELOPMENT AND FAB’RICATION S

The d1scus31on of Chapter 3 gave an overview of the bas1c semlconductor processing -

steps employed in this MODFET fabrlcatlon This chapter will give a full discussionon

. each of these fabrication techniques. The baseline of the MODEFET process technology at
) Purdue has been primarily developed by Mark Whltesrde (33) Photohthography and lift- -
off w111 be discussed in Section 4.1. Section 4.2 w111 deal with the wet chemlcal etch and

: related threshold voltage control problem A study of alloy contacts and some .

experrmental results will be presented i in, Sectlon 4. 3 Metallization will be discussed in
' Section 4. 4. Flnally, a summary of the process developed at Purdue will be presented in

As menuoned in the end of the last chapter f1ve mask levels are used for this
fabrrcatlon process For levels #1 '3 and 4, that is mesa: and recess etches, several basm ’

steps, such as wafer cleaning, resist apphcatron soft baklng, mask ahgnment ultravrolet o

- . @UV) hght exposure and photoresist development, hard baklng, and res1st removal, are

. involved. For levels #2 and #5, however, a special technlque known as 11ft-off 1s used
to define metal patterns on the wafer surface w1thout metal etch.

The dewce dimensions are primarily limited by optical lxthography The minimum

hnew1dth rehably produced by optical 11thography is = Zum, therefore the minimum "gate -

L i ‘length" (the. length of the recess notch) for the MODFET test chrp is des1gned as Zum
* The actual metal gate length is Sum The minimum source/dram distance is chosen to be

- 6pm, with 1.5um spacing between the gate and: source/dram area for tolerance of possible .

;“'jmrsahgnment and other errors. If a much smaller devrce size is desired, a new lithography
“method must be developed. One prominent candidate for MODFET hthography is electron

" beam (E beam) lithography, wh1ch is able to produce a gate length as small as () 1 Mm.

: With thrs gate length, the device size will be reduced dramatrcally
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. _As mentioned in Chapter 3, the lift-off technique allows. metallization: after resist
exposure and development. The key: requirement for this technique is to form: an undercut
profile after resist development. Metals can: then be evaporated over the entire: surface, and

o a’diSContinuity is maintained between the metal on the wafer surface and the metal over the,

- photoresist. . Upon removal of resist, the: metal over the resist is removed and a falthful’ :
: reproductlon of the metallization pattern is obtained. ' '

- The optical AZ-13501 positive photoresist is used for all hthography steps of this o

.process To create the required undercut profile on the single layer of the UV -light
' exposed AZ photores1st a chlorobenzene-soak process(42)(43)(44)(45) is used.The steps
*of this process are almost the same as the normal lithography-except that to make the resist
thicker. and softer, a lower spin speed, shorter spin time and lower soft baking temperature

L bare mtentronally used. Also instead of hard bakmg, the resist is soaked in chlorobenzene - |

‘for 14 minutes. This soak is believed to remove residual solvent and low molecular-'

- weight resin and thereby . create a dense surface layer less susceptible to developer s attack.

'Then the development of the soaked res1st _goes fast laterally below the hardened surface

» layer therefore the desired profile is produced The process should be opt1m1zed by -

’ :choos1ng the proper times of resist spm soft bake, exposure, chlorobenzene soak .and

: -development as well as the spin speed and bake temperature. These data developed at. |

: Purdue for the Suss ahgner are summanzed in section 4. 5 and the Runsheet i in Appendlx

.4 2 Wet Chemlcal Etch : ,
In th1s MODFET fabncanon three deferent types of etches are to be performed for
drfferent purposes or requlrements These etches are:
 (a) mesa etch which is used to isolate all of the devices electncally on the same wafer N
- from each other. The barrier materials are both AlGaAs and GaAs.
(b) oxide etch, which is used to guarantee good contact between the metal and wafer .
, . surface before evaporation. The barrier material is AlGaAs oxide.
| (c) recess etch, which is used to control the threshold voltage for both enhancement
, mode and depletion-mode devices. The barrier material is AlGaAs only ,
The solution for mesa etch is 1H2304 1H»07:24D.1. H»O. For the purpose of
electncal 1solat10n at least the layers of n+ GaAs, and n+ AlGaAs must be removed, as
_ ‘shown in Fig. 3.10 (b). The thickness of these layers add up to about ZOOOA for the film

S used at Purdue But for ease of subsequent mask alignment, a mesa depth of around

4,000A is requlred Otherwise. it would be difficult to see the deﬁned pattem and
allgnment mark through the mask ahgner "
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' The etch depth is controlled by the etch time, knowmg the etch rate, whlch is about

L SOA/second for the etch solution mentioned above. This rate may vary from t1me to time

g since it depends on several factors such as the temperature and the age of the solutron after

| it s, prepared A calibration on an expendable wafer is. recommended before etchmg 3
_ V.However there 1s no substantial. requlrement for mesa depth aslongas it 1s deep enough -
" to isolate the devices and make it easy to see the patterns and ahgnment marks under

R _;._aI1gner Thus it is not essential to calibrate the mesa etch every time. After the etch and

photores1st removal the depth is measured by the Tencor Alpha—step profilometer.
" ‘Obviously, the dlsadvantage of a mesa etch is that it is not a planar process To

A '.achleve a planar surface ion 1mp1antat10n can be used to replace the wet etch. ) The .

2DEG is eliminated when the crystal lattice is destroyed by 1on 1mp1ant But ion =

_1mplantat10n introduces additional complexity to the process.

- The solution for oxide etch is INH4OH:40DI HyO. One of the two oxide etches for

" the MODFET is used to remove the oxide layer before the contact alloy metals are
evaporated As we have d1scussed earher lowering contact resistivity is very important
~ for the 1mprovement of the device: performance. . The- insulating 0x1de layer must be
removed to insure a solid contact between the metals and the wafer. The other oxide etch

‘1s performed before the gate metal is evaporated Immedlately after oxide etch the wafer R
B must be loaded into the evaporation chamber which is pumped down promptly If the _
' wafer is left in air for more than half hour or so without being loaded i into the chamber, the o

, ox1de etch should be redone before loadlng becauSe a new oxide layer may have been
: grown * ’ : ‘ T o :
F1nally, the threshold voltage control through recess etch is a cr1t1cal consrderatlon for

. the MODFET process. ‘As discussed earlier, the recess etch i is done by mon1tor1ng the

drain current. The etch is stopped when the target current is met. For example, to build

an enhancement mode device-of (W/L)—40/2 distance between source: and drain -

SD—6um and threshold voltage V,=0.4V, the proper current (assummg dram voltage'
‘ Vd—l OV)is about 5pA. This value is found by trial and error 1n the process of previous

- runs... The task i is- tough since, as shown 1n Fig. 4.1(46) the sens1t1v1ty of Vth on the -

AlGaAs thickness tp for a typical AlGaAs dop1ng of 2x1018 cm2 is 6mV/A To achieve a

,‘ o very modest un1form1ty of 300mV in the lab, the equlvalent depth of recess eich must be
o »controlled better than SOA' From the caIculatlon of (2.27) and (2.34) i in Chapter 2,a _

relatlonshrp of ng vs. ty can be plotted as shown in Fig. 4.2. (47) The SOA change inty
- corresponds toaseven times change in ns, or equlvalently in Id (assummg moblhty fisa

- :constant) The actual situation was even worse because of the unstable property of the
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- Figure 4.1 Sensitivity of threshold voltage Vin versus thickness of AlGaAs, 12.(46)
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t2.(47) : ‘ o .
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| o etch solutlon The ongmal etch solution used was 3NH4OH 1H70O7:1500DI H2O whose

; etch rate was about 4A/second. Wlth the solution agitated by hand, two orders of
magnltude d1fference in drain current I4 were found for different devices across the wafer
~ with same s1zes This large dev1atlon of uniformity makes it extreme difficult to control_
‘the. threshold voltage by electrical monitoring. This poor result is believed due to the
instability of the solution made of NH3 and HyOj. Both are volatile and the latter is very
unstable at room ternperature. In addition, the etchants are not dissolved and distributed
uniformly throughout the whole solution when it is agitated by human hand.
Definitely, a more reliable etch recipe and tighter etch operation procedure had to be

'de?elOped. The new solution is just to dilute the mesa etch solution to
2HzSO4:1H20‘2:500D.’I.- H5O because both etches have the same barrier material:

~ AlGaAs. The etch rate of this new solution is measured as 2.2A/second. The HyO9 is still
used as the active agent to oxidize the AlGaAs. The volatile NH3 is replaced by HpSO4.

~ Additionally, the solution is agitated smoothly and uniformly by magnetic agitating

machine. The new etch solution and mechanical agitation reduce the spread of 13 and
brings the recess etch under control. Besides, the slower etch rate of the new solution than
* that of the previous one enhances the former's advantage to avoid overetch.: The current
' drops dramatlcally whenthe etch for the enhancement-mode device is nearly done, as

shown in Fig. 4.3. Hence a slower etch rate will make control of the etch easier. - »
~ The curve in Flg. 4.3 makes sense physically. The current Iy in that figure i is actually

the zero-gate-bias drain current Id(Vg=0) for a fixed drain voltage Vgq=1 ov. Figure 4.4
(a) shows the entire curve of Ig vs. various gate voltage Vg. Before the device is totally
~ turned on; (I) 172 gtarts from zZero (ne glect the subthreshold current) and increase slowly
" when Vg is increased. After the device is completely turned on, I 1/2 becomes linear
~ with Vg for most of the region because the square law of Ig vs. (Vg-Vth) takes over.
After Vg is increased further, the gate leakage current and source/drain access resistance in
series will come into play, therefore the drain current I is limited and its increase rate
comes down again. Ph)isically, this corresponds to a situatio’n' ’where'the' 2DEG contains
the: max1mum electron dens1ty Wthh the AlGaAs bamer can contaln and : any add1t10na1

" electrons leak to the gate

-Before any etch, suppose the AlGaAs layer is tthk enough (as the actual fllmv

_ p_roc_:es_sed at Purdue) so that the threshold voltage is quite negative, as shown i in Fig. 4.4
~ (a). After the etch is started, the thickness of AlGaAs tp is decreased continuous1y

o Consequently the threshold voltage becomes less and less negative. The curve will be

' gradually shifted from (a) to (b), neglecting the effect of t m dram current. Dunng th1s
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L 3
- Vth 0 Vg Vth 0 . Vg
(a) before any etch. (b) after some etch

14(Vg=0) 1}

0Vth - ' Vg -0 Vi Vg
(c) more etch than ®. o (d) finish etch, the device now

becomes E-mode.

" Figure 4.4 Curve of Ij vs.Vg changes with different recess etch times.
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B _ perrod the current Id(Vg—O) (the cross pomt between the 14-Vg curve and the vemcal axis

g-O) is changed little, since the Id for large Vgi 1n F1g 4.4 (a) is almost saturated Th1s»

) l corresponds to reglon l in F1g 4.3. When further etchlng is performed the lmear reglon

: in F1g 4. 4 (b) will take over and a huge drop will occur from () to (c) in Flg 4.4.- This

v *pertod is represented by region 2 i in Fig. 4.3. Finally, when the etch is performed further

' ,from F1g 4. 4 (©1o (d) the drop of Id in F1g 4, 3 w111 naturally slow down again because-

 now the ta11 of the curve in Fig. 4.4 ©is passmg across the verucal axis Vg-O Around :
: ith1s reg10n the device will be changed from depleuon-mode 1nto enhancement-mode. '

Even though the new recipe for etch seems better than the old one, it is still desxrable to

. "‘.‘:look for a better technology Recently, a pH controlled wet etch has been reported (1 1) It
. was suggested that the pH monitoring of the solutlon is a very helpful way to control the
7 : wet etch The. other method that i is also w1dely used is the select1ve reacttve ion etchA
= (RIE), wh1ch offers a very soph1st1cated way to control the etch accurately and unrformly
e More deta11s of this method and related calculauons will be dlscussed in Chapter 6. .

"'.4 3 Ohmlc Contact

Ohnnc contact is another cntlcal stage of fabrlcatton ‘Unlike the s1tuat10n in the'

: ) YMOSFET whose contact is ‘made to the channel at the sem1conductors surface, the
’ _contact of the MODFET must be made to the 2DEG channel through afew hundred
. angstroms of AlGaAs layer. .

Before the contact is made, the band dlagram is as shown i in Flg 4 5 The electron

transport from the surface to the 2DEG is limited by three series components the two-
B heterOJunctlon bamers which are formed by (n+ GaAs)/(n+. AlGaAs) and (n+ o
- AlGaAs)/(undoped—GaAs) on the two sides, respectlvely, and the depleted AlGaAs layer
" in'the middle. Calculation shows that such a structure does not meet the requlrement of .

 linear charactenst1c and small resistivity. 2(39) - o

- One way to achieve the low-resistivity- contact is to fabncate a contact area wh1ch is

. "’fvery highly doped from the surface through the 2DEG by metallic matenal The ZDEG

= ’_W1ll be destroyed both in the contact area and a zone extending approxlmately one Debye
:.-’Iength around the periphery. However an accumulation layer of excess electrons, parallel

' "; o the surface will be formed right in this area. Thus an unbroken conductrve path, |

'_‘vertlcally downward by tunneling through both n+ - n+ heteromterfaces mentloned above

“and horrzontally via the accumulated zone to the undlsturbed 2DEG, is formed from

surface contacts to the 2DEG The contact re31stance will then consist of four parts: the
metal—senuconductor contact to the cap layer, tunnehng throu gh the two n+-n+
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- Figure 4.5 Heterostructure energy band diagram.

heterojunction interfaces, and ohmic conduction through the accumulated region. Usually
-only the first term contributes primarily to the contact resistance. This is due to the facts
that the accumulation has a high carrier conceniration and the heights of the two
heterojunction barriers are about half that of a typical Schottky barrier formed by the first
term. Thus the contact of metal to the MODFET 2DEG becomes s1m1lar to the
conventional ohmic contact to a bulk n+ material. ’

To realize the above ohmic contact, either ion implantation or metal alloy may be used.
The later is chosen for our process forssimplicity. First, the metal pattern on the wafer
surface is defined by evaporation and lift-off. The oxide on the surface of the contact area
must be removed before evaporation, as discussed in Section 4.2. After lift-off, the wafer
is heated to a high temperature for a few minutes to allow the'mctals to interact with the
heterostructure system.

The mctéllization materials chosen for alloying are important. The chemical reaction
occuring during the heat treatment of the contact is very complicated and not totally
understood- yet. Most of the ohmic contacts are made on the basis of the Au/Ge eutectic

~system with some additional materials like nickel (Ni) and titanium (Ti). A siniplified
model to explain the alloy process for the Au/Ge eutectic is as follows. The Au/Ge
deposited on the wafer surface in the contact area melts when the wafer is annealed above
the lowest melting point of the Au/Ge combination (=360C for 12% Ge:88% Au). The
‘GaAs then dissolves in this eutectic system. Upon cooling, the GaAs will come out of
host semiconductor atoms, Ga, and their lattice sites.
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" Ni is found to lower the surface free energy of the molten metal alloy and therefore‘

enhance the spread of molten Au on the surface. Ni is also found to increase the solubility

. of Ga in: the melt durmg alloylng This results in an increase in Ga vacancies and hence a

, hlgher Ge doping density in the semiconductor. Ni is also a fast diffuser in GaAs. This
d1rect1y enhances the n+ doping of the alloy area and lowers the resistance. (38) v

~The alloy cycle is another important factor to achieve good contact. For the MODFET

’ ’process, an alloymg temperature of 400C or higher is necessary. (48). But temperature

o ;hlgher than 650C is usually not des1red for conventional alloy because of two recogmzed

i problems formation of metal globules on the surface, and formation of a AuGa
-'-mtermetalhc compound which will lead to a poor contact interface and excessive stram at

o 'the contact reglon 49 Temperatures. as high as 850C have been reported for transient

alloy (49) The desired alloying temperature for the ‘Au/Ge based system isin the range of
450C to 600C. . : :

~ The alloy temperature with its assoclated time must be optlmlzed for good device
»performance A "sequentlal alloying" technique for this purpose has been proposed by
Eastman etal. (40) In this method, an expendable sample with the metal ‘evaporated and
defined 1s alloyed at a starting temperature (450C) for about 100 seconds. After
N measurmg the contact resistance, the temperature for alloy is increased and the wafer is
 realloyed. This sequence is repeated until a maximum temperature 580C for their case, is
o reached The temperature at which the minimum contact resistance occurs is the opumum
» temperature for subsequent device ohrmc contact.
“ . Two d1fferent types of evaporators have been used for MODFET ohmlc contacts at
.Purdue Using a Varian e-beam evaporator, a multilayer structure chosen accordmg tothe
 results of O'Connor et al.(39) has been developed. The structure is listed below.

Ni 504

Ge  500A
Au IOOOA
Ni © 300A
Au 3004
Ti 1000A

Au 2000A

' The Ni 1s added to achieve a nice and smooth contact surface. A comparison of two '
. surfaces alloyed with and without Ni is shown in Fig, 4. 6. The final Au layer is used to



o o ®) smodﬁi“smfacc wnh multilayer structure.

- Figure 4.6 Compaﬁson of surfaces ﬂldyed (a) with and, (b) wi'thbqtvNi.' -
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- . get better conductlvny and a smooth surface to be covered by mterconnect and pad
. »._metalhzauon o . _ RN '
", ' The other machlne used's at Purdue is the NRC filament evaporator Au/Ge is
:evaporated for the alloy contact but the thlckness of metal evaporated 1s ‘not well

o controllable except arough estimation by the number of Au/Ge pellets used.

To compare the effects of different metallization" systems deposlted by dlfferent R

o _> *evaporators, us1ng dtfferent alloy temperatures w1th and without a thermal quench a

i j..slmple and mterestmg expertment ‘has been conducted in the lab. Five p1eces cut from the
'.-:same wafer ‘were prepared. Thelr contact resistances were measured after they were
alloyed through different cycles. The results are listed in Table 4.1.

It has been reported that rap1d cooling is felt to be 1mportant for the productxon of -
o ;contacts w1th low res1st1v1ty and high rehabrhty (50)(51) To investigate this, two pairs of

: .:samples were prepared One of each pair was quenched on a cool metal block 1mmed1ate1y v
, “‘after it was annealed at h1gh temperature whlle the other was not quenched but allowed to

- _cool down to room temperature slowly The two pairs were alloyed at two dlfferent -

temperatures, 450C and 600C respecuvely Several observauons can be obtained from

' Table 41 o ' v ,

o For both temperatures, the contact resistances of the quenched samples, #7 and #5 in
'»'ffeach pair, #6[H#T for 450C and #3/#5 for 600C, are clearly smaller than that of its
",*counterpart the nonquenched samples, #6 and #3, respecuvely The rapld coolmg ‘
’ f‘procedure is thought to reduce the factors, such as irregular alloying and d1slocauon
: ,formauon whlch is caused by the stress at the interface between reactants and substrate

S sermconductdr that lead to poor ohxmc contact. (52)

As for the companson of different metal structures, samples #4 and #7 are alloyed byr

NRC fllament evaporator and Vanan e-beam evaporator, respectively, whlle other
e : condmons are kept the same. A better result is obtained from the Vanan than the NRC.

. g ‘This is partly due to the Ni layers added to the mululayer structure of sample #7. This
o . conclusion agrees with the prev1ous d1scuss1on about the posmve role played by Niin -

o v_alloymg ' SRR . , "
As far as the alloy temperature is. concemed unfortunately no consrstent conclusxon | v

& vvcan be drawn. For. the quenched pair of samples, #5 and #7, the results seem to favor
' 7,600C as alloymg temperature, wheres the opposite conclusion can be seen from the

nonquenched pair, #3 and #6, which suggests that the better temperature shouid be 45@@

- This fact 1mphes again that the quench or raprd cooling procedure, plays an 1mportant role :
. dunng the formauon of ohmic contact by alloy
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‘Table 4.1 Comparison of alloy contact through different alloy cycles.

Cycle [ #3. Co#4 #. | #6 | o#
| Evaporator | Varian NRC | Varan ‘Varian | . Varian
| Temperarure | 600C |  450C -600C 450C | 450C
|Quench? | No " Yes ~ Yes "No | Yes
|Alloytime  {1min.' | 44 min. | 1 min. 4.4 min. | 4.4 min.
Pemin. ] . N
(x10°Q-cm?)| 550 | 203 55 5204 | 26.59
Pcave. S - | N R IR
x105Q-cm?)| 372.1 | 829 12.3 1446 64.4
|x10°0-em?)| 6700 | 2736 | 190 | 320 | 1205

Comparmg the results of all samples, the lowest contact re51st1v1ty is found w1thv ,
sample 1 #5 This suggests that the optimum alloy cycle should include a combmauon of
several techmqucs ‘such as an optimized multilayer metal structure quench procedure :
‘ together with appropriate alloying temperature and time, etc.

4 4 - Gate Metalllzatlon

In contrast to the ohmic (linear and low res1st1v1ty) contact d15cussed inthe last section,

ca Schottky (rectifying) type contact must be made between the metal gate and AlGaAs.

- The primary object to choose a "good gate" is to choose a metal wrth a high Schottky
barrier height. But for the majority of metals, this height is almost a constant with Tespect -
to the semiconductor AlGaAs due to Fermi level pmnmg(32) Thus some other criteria,
such as stability and resistance to interdiffusion during device operatlon reasonable
ductlhty to allow wire bonding, and adherence to the GaAs surface, must be considered.
In reality, it is difficult to find a metallization that satisfies all these: condmons Thus

B mululayer metallizations have been wrdely used to seek the opumum metal system to meet
the above demands. ' ' R

Both Al ‘and Ti/Au have been used for MODFET gates at Purdue. The NRC ﬁlament
‘evaporator is used for deposmon of Al gates. The disadvantage of thxs method, as

' -_mentloned in the last section, is ‘that the thickness of the gate can not be controlled

-accurately Thls is'a more serious problem for metallization here than for the contact
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'»depo'sition because of the existence of a mesa step. If the thickness of Al film evaporated
s not enough to cover the mesa depth of 40004 to 50004, open circuits between pads or

interconnects and the gates or contacts will occur. Unlike the situation in metal defined by _'
-etch techmques where at least a precautlon against possible open circuits can be taken by -

,;deposmng thicker metal, the lift-off technique requires a relatively thm metal layer to make _ _'

o sure the dlscontmmty does occur between the metal that will be mamtamed on the wafer

' surface and the metal that will be lifted off. '

, ~'The thickness of each layer of the Ti/Au double layer system evaporated by the Vanan

e beam evaporator, on the other hand, can be controlled quite precisely by a crystal

, 8 monitoring system. The total thickness of Ti and Au is demgned to be 4500A, whrch is -
~_thick enough to cover the mesa height. : ]

A xelatrvely thin layer (500A) of Ti is used below the Au layer because on the one
'hand ‘the Au/GaAs interface would. interdiffuse and degrade at- a relatrvely low'
‘temperature, 250C, if only Au is used. Considering that the devices have to operate at i
yelevated temperatures, this could be a big problem. In addition, Au in GaAs would
v :produce deep levels which would degrade device performance However, on the other V
R hand, Au is an 1dea1 choice from considerations of rectification, bonding, thermal heat
_ s1nkmg, and resistance to chemical attack. To ehmmate the disadvantages of the Au/GaAs

- interface and while making use of the advantage of Au as metal, a layer of Ti i is mcluded

"betyveen Athe: Au and GaAs.

| “ 4 5 Summary _ o
WIth “all the mformanon and expenmental results dlscussed in the prev1ous four
sections, the final process steps of MODFET circuits at Purdue have been developed and
»surumarized' as follows. .The process runsheet is attached in Appendix B. SEM
- photographs of the MODFET after maJor process steps are shown in F1g 4.7.
_ Frrst a bare modulation- doped heterOJuncuon MODEFET film grown by MBE as
shown in Fig. 3. 10 (a), is obtained. The n+ AlGaAs layer of the wafer is thick enough
_ (6OOA) so that those devices fabricated w1thout any gate recess etch would be depletion-
- mode with threshold voltage of =-3.1V. For convemence of handling dunng process, the
film 1s mounted on a larger piece of silicon wafer soldered by indium. The soldering is
. done on a heated hotplate. The MODFET film should be mounted as parallel as possible

oo fo the 81 surface, otherwise it will cause difficulties for subsequential alignment under the
S mlcroscope of the aligner. Another caution is that neither indium spots on the surface of

the MODFET film nor spare indium higher than the surface of the film around the
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: MODFET wafer is allowed. The former will lead to low circuit yield. Both wrll damage
the masks which are tightly contacted to the film during ahgnment with the Karl Suss’

o model 123 mask aligner used at Purdue.

: Next, a standard lithography procedure is followed. The sample is prebaked at lZOC
~ for 15 minutes to dry the surface for a better adhesion between the wafer and the

N photoresrst that will.be applied next. After the wafer surface is blown by N2 gun to

o remove any particles, AZ-1350] posmve photoresrst is applied. The wafer is spun at 4400

‘ rpm for 40 seconds. Then the resist is softbaked at 90C for 15 minutes to make 1t dry and
' hard enough to stand the contact of mask. The first mask level, mesa pattern, is then
deﬁned by UV-light exposure with the Suss aligner and resist development “The resist is

 then solidified by hardbake at 120C for 20 minutes to endure the wet chemical etch next. -
" The mesa etch is then performed in an etch solution of 1H2804:1H07:24 D.I. HHO

- for about 90 -seconds. " After thorough rinse in fresh D.I. water and Np blow dry, the
photoresrst is removed by acetone (ACE) soak Then the wafer is soa.ked m methanol
rinsed in D.L H>0 and blown dry by Nj.. The mesa depth is measured by a Tencor A]pha
Step proﬁlometer to make sure the mesas are isolated (i.e., the mesa depth > 3000A)

‘Then the ohmic contact pattern, the second mask level, is deﬁned The’ llthography ‘
step i almost the same as that of mesa etch except that the resist is softbaked at 65C and

; spun “at 4000 rpm for 30 seconds. A thicker and softer resist will ease the lift- off, as
~ mentioned earlier. Then the wafer is al1gned and exposed to the ohmic contact mask with
the Suss aligner. The photoresist is then developed after soaking in chlorobenzene for14
- minutes to produce an. undercut proﬁle The hardbake is slclpped here’ to ‘make lift-off -

eas1er :

The wafer is loaded into. the evaporatlon chamber immediately after etching the oxide
- etch w1th 1NH4:40 DI H20 for 30 seconds. After evaporatton the metal is lifted off by

- .acetone (ACE) If lift-off can not be:completed by soak, a squn't bottle filled with ACE

-can be used. In the extreme situation, if the squirt bottle still does not work a cotton

| npped apphcator may also be used with extreme caution. The mesas and ohmic contact
patterns may be damaged easily by scrubbing. After the ACE soak, a methanol nnse,

~fresh D.1. HpOrinse, and N3 blow dry are performed. ST »
~Soon after lift-off, the alloy in Marshall furnace in N env1ronment should be
~ performed. A long time wait (days) may lead poor contact resistivity. The alloy should
follow the opnmlzed procedure discussed in Section 4.3. t
Next, the depletlon-mode recess etch pattern, the third mask level is deﬁned The

~ lithography procedure is completely the same as that of the mesa etch. The etch is



,performed with 2H2804 1H202 SOOD I.HyO. The etch is monitored by dram current Id

Accordmg to the discussion of circuit design in subsection 3.2.1; the etch for the

‘ depletlon -mode device should be stopped when the drain current of the momtored device

is decreased to one fifth of its original value (roughly corresponds to a 20 to 30 second

o etch) After the etch is complete, the wafer is flushed with fresh D.L H20 followed by

'N2blowd.ry ; _
Sumlarly, the recess etch for the enhancement-mode device, fourth mask level is

'performed in the same way as the depletxon-mode device with the excepnon of amuch
- smaller drain current. Extreme attention should be paid to prevent overetch. When the

etch is- nearly finished, a few seconds may make a big difference, remembering the
sensmvny of ng to thickness discussed in Section 4. 4. Typxcally, for the device of

(W/L)—40/2 SD= 6um and Vd=1V, the target drain current Id is around SpA for
‘_Vth’”o 4V. The etch time from expenence is approximately 60 to 75 seconds by the recipe '
of 2H2804 ‘1H707 : 500 D. I. HyO. - To prevent overetch; smaller time intervals and -

. 'more de_v1ces belong to different die taken for monitoring are strongly recommended.

: ' The ﬁnal mask level, gate and interconnect metallization pattern is defined. The
hthography and lift-off procedure is totally identical to that of the ohmic contact level.
-Ahgnment must be done with great caution. After resist development, the wafer must be

B 1nspected under a rmcroscope carefully. Otherwise, misalignment with too large an error

may cause gate-to-drain/source shorts, a fatal disaster for the device. Thls alignment
becomes tougher as a more complex circuit composed of more devices; such as a ring
. oscillator, is fabricated. At this case, even if only one transistor out of 26 (for a eleven-
stage rmg_oscrllator, 1nc1_udmg two output stages) is shorted then the entlre circuit will -
fail. o

Photographs of each ma_]or process steps are taken by a Cambndge Stereoscan 90
Scannmg Electron chroscope (SEM), as shown in Fig. 47.



.~ (b) ohmic contact

| Figure 4;7 SEM photographs of E/D type ifwcrtcr process steps.
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o

“C:HAPTERj 5

ELECTRICAL CHARACTERIZATION o

h Th1s chapter will present the electncal test1ng results and dlscuss1ons of the test ch1ps

' The s 'e01ﬁc dev1ces and circuits that have been de31gned and fabncated for testmg are: -

| (1) ‘dragnosttc devices , S o : ‘ Co

: (a)_: Greek-cross test structure, and -

(b) cross bndge Kelvin resistor (CBKR), _

] ,:jD-mode and E-mode transistors .~ . -

o (a) gated and unetched depleuon-mode load,

o ‘(b) ungated and unetched depletion-mode load, ,
: .- (c) ungated and etched depletlon—mode load and E EE

e v(d) enhancement-mode driver; e B

. (3) ’ .'DCFL E/D type inverters o : :

B (a) 1nverte With the gated and unetchedD load N

(b) 1 With the ungated and unetched D-load, and

R (O mverter with the ungated and etched D- load

(4)..-.-\ three 1nput NAND and NOR loglc gates, '

(5) nng osc111ators : : - o

o Thcse dev1ces and CJICults are bu11t on an MBE MODFET fihn grown by Perlcm Elmer. ‘

N _‘:_The thrcknesses of vanous layers of the film are 11sted in the beglmng of the runsheet in
" the Appendlx A quite thick spacer layer of d—ZOOA 1mphes that the ﬁlm is optlrmzed for

high moblhty rather than device transconductance, as w111 be explamed in Section 5. 2.

The measurements of Hall effect at rToom temperature on the: ﬁlm shows a Hall mob111ty ,
:_':of uH =7 3000m2/V second and a sheet carrler concentratron of the 2DEG
ng=4. 88x101 Tom-2:/(61) o - Lo
o In sectlon 5 l the testmg results on the dlagnostlc dev1ces w111 be presented
,Translstor measurements will be discussed in Section 5.2 Sectlon 5 3 -will present the

- 'results o ./D type: M.DFET 1nverters Section 5.4 will present, the charactenzatlon of all

‘other DCFL c1rcu1ts that have been fabncated 1nclud1ng three 1nput NAND and NOR
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B _‘-log1c gates as well as an eleven stage nng osc111ator F1nally, a d1scussxon about the
g ’-testmg results will be glven in Secuon 55. ‘ ‘ -

. 5 l Dlagnostlc Devnces

One of the two testlng structures built and charactenzed is the Greek-cross test

:structure The pattern is defined by etching a mesa to which the ohmic contacts are made,
- 'as shown in F1g 5.1 The sheet resistance of the 2DEG, pg, can be obtained by testing

1 ,;the van der Pauw structure formed by pads 1,2,3 and 4. A current 113 is.forced from

. 'pad 1to pad 3 and the voltage drop between pad’ 2 and pad 4, AV24, is measured The _

: ‘sheet res1stance of the 2DEG is then Fven by the formula

‘ AV e i i
.,P..S‘:[lnz] Is ) [T N AV

o The average of the measured sheet resistance is
ps-l 84 KQ/square ' g

E f. ';Recallmg the equauon of ps used in Chapter 2

. Hms | R )
B the actual electron drift mob111ty1nthe 2DEG is then calculated by
ud=—L.— 6951. 84_<‘=nﬁ- S

ps=

B _ (53)
- '_'where ns—4 88x101 1cm2 was used. Th1s drift mob111ty is smaller than the measured Hall

| .moblhty Thls is expected because these two physxcal parametexs are related by |

5 B E R C )
_"where ryy is called the Hall factor. For both electrons and holes in GaAs, T2l (54)

o - which 1mp11es By 2 Hg:

o The other two pads of this structure, pads 5 and 6, are used to find out the actual lme- -
+ - width of the pattem A current I35 is forced from pad 3 to pad 5 and the resultant voltage

B drop between pads 4 and 6, AV4g, is measured. Then the resxstance is deterrmned by
. R—A:V“ o _ P .
R . v Iss. -~ . - (5.5) ,
- Also, accordmg to the deﬁnatlon of sheet res1stance, B I '
S R=o(L
P L) - 56

where L and w are length and w1dth of the 2DEG channel Subsutuung . 5) into (5 6)
" and rearranging the result, we obtam the,real line-width defined by the process:
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alloy contact (100umx100ym)

- 1UHm
mesa

-~ Figure 5.1 Greek-cross test structure.
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s ps——pSL( v ) | : e
AVael | (5.7)

'where the sheet res1stance Ps is obtained from the previous measurement on the van der -

'Pauw structure. The average line-width of 9. 72um is found, as compared to the designed

line-width of 10um. ‘Several factors may account for this deviation. The mask pattern o

L 'may bea little bit off from its original layout file during mask productron L1thography o

,and lateral etch are ma]or factors responsible for the change.’ . _
, Another important parameter which needs to be known well is the contact resrstance as
‘fwe have dlscussed in Section 4 2. The widely used definition of specrfic contact
resrstlvrty is: ' & '
T = _em2
e pe=\rl (_Q-c-m) e
- where J: and V are the current densrty per unit area and the voltage drop of the contact,
respectively. Another measure of the contact resistance is the width normalized contact
resistance R¢ (Q-mm). According to the transmission line model (TLM),(39)(54) the

_above two ﬁgures are related as -
VPCPSCO‘}{‘V ) e
- (59

where di 1s the length of the contact along the 2DEG channel.
To dlrectly measure the contact resxstxvrty Pc» the CBKR four-terminal microelectronic
' tesung structure is used. This is the second diagnostic device defined on the test chip. Its
pattem is shown in Fig. 5. 2 (a) Three contacts are made to the 2DEG channel which is
defined by mesa. A current I33 is forced vertically through pads 2 and 3. The
‘ correspondmg voltage drop across the contact is measured between pad 1 and pad 4.
Since no current flows through pad 1 and pad 4, the voltage drop between them, AV, i is
: exactly equal to the voltage drop across the contact resistance Rg, as shown by the
~equivalent circuit in Fig. 5. 2 (b), therefore this four point method eliminates any effect of

o series resistance introduced by the testing probes in the two-probe method.
The spec1ﬁc contact res1st1v1ty pc determined by the CBKR structure is

’ AV
gl e Pe® ('Tm' | (Q'cmz) (5.10)
| ,i v where A is the area of the contact measured. In our case, A=15pmx15pum.

_ The data obtamed from the CBKR measurement have been given in Table 4.1 and have
been fully discussed in the previous chapter. The average specific contact resrstmty of

o ’samph? #5 pc= 12 3x10-5 Q-cm? can be converted into a width-normalized contact -




mesa I
- ———___ metal and pads (100pmx100um)
(a) CKBR structure. , o

| -oR - -

AV IR |
">1.4: C

Rc ' ’R‘s

: (b) ccjuival_cnt circuit.

* Figure 5.2 CBKR and its equivalent circuit.
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L resjstance of Rc=4.76 Q-mm by (5.9) and the value of pg=1.84 KQ/square, as r_neasured

frorh the Greek-cross structure hefore. For a typical ohmic contact of 40umk40pm; a-

' ';contact 'resistanee of Rc=119 Q is obtained for each contact. - As will be discussed in the
next section, the contact resistance accounts for a large portion of the total serial access .
resistaric,e of the MODFET devices on the test chips. A further reduction of contact

g reSistanee is very necessary for better device performance. A specific contact resistivity as
“small as: 5%10"8 Q-cm? has been reported by Morkoc, et al (49) A value below 1x10°6 Q-

,icm2 should be targeted for the Purdue MODFET process as will be discussed i in Sectlon -

s 2 _ A

5 2 D-mode and E mode Transnstors L

. 'The charactensuc that gives most information for the analysis of FET performance is
A‘ the drain current Id versus dram voltage V4 for various gate voltages Vg. Such two
| curves ‘of a D-mode and an E-mode devices are shown in Fig. 5.3 (a) and (b),
_ 'respectlvely As expected, the D-mode device is on from Vg=0 to its negative ‘threshold
voltage Vth=-3 4V is reached. At this point the 2DEG channel is eliminated.  Oppositely,

- the E-mode device is off at Vg—O When Vg is increased to Viy=0.4V, a 2DEG channelis

formed and a drain current is produced. For both modes, increased gate voltages Vg wxll

'cause mcreased 2DEG carrier concentrations, and therefore increased drain currents.
Slight discontinuities occur in the small Vg regxons for both curves. This is due to gate _'
'leakage ‘The forward bias voltage across the gate-to-drain Schottky drode is
' approxrmately Vg-Vd. If Vgis relauvely large and V{ is small, a cutrent will flow from
~ the gate to the drain, therefore a negative drain current occurs. When V( is increased, the
voltage across the diode is decreased and at a certain point the gate diode is turned off.
- Beyond this point, the I versus Vd curve ‘comes back to the normal characteristic as
expected.- ’ _
~ The threshold voltage of a MODFET device can be found by the curve Iq vs. Vg for '
- very small Vd, as shown in Fig. 5.4 (a). Small Vg=0.05V is used to guarantee the device

~ is in its linear region of operation. Recallmg the equation of the linear region: :
Ig=Bv g'Vth)Vd (2 48)
Hence the linear portion of the curve in Frg 5 4 (a) can be extrapolated to Ig=0. The
: mtercept is the threshold voltage of the devrce _
| The above method may not be realistic if the gate leakage is too serious. In thrg case,
the saturation region of the device will be used. Recalling the equation of the saturation
region for relatively large gate length:
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o
1y = gV Va? : |
, d 2 | , | @257
Here, the current saturation due to the channel pinch-off is assumed since all of the gate
' '-lengths on the test ch1ps are greater than 2 micrometers. This equation can be rewritten as o

-t . o

" Thus the hnear region of the curve Idl/ 2 vs. Vg can be extrapolated to Id-O A constant |
but relatively large drain voltage, Vd > Vg-Vth, must be used to make the device operate in

its saturation region. The intercept point is the threshold voltage of the dev1ce as shown o

in Fig. 5.4 (b) and Fig. 5.5 for E-mode and D-mode transistors, respectively. _

The above two curves of linear and saturation regions should give same value of
threshold voltage Vih if no gate- -to-drain leakage occurs. If the gate leakage is not
ne ghglble the threshold voltages obtained from the two curves in Fig. 5.4 w1ll be slightly

different. : .
To ehrmnate the effect of this leakage the data measured and used later on w1ll be
‘obtained from that of the saturation reglon orIg1/2 vs. Vg.- _ ’ e

- The threshold voltages of both D- mode and E-mode transistors measnredacross the 24
die in a 6mmx9mm wafer are shown in Fig, 5.6 and Table 5.1. The control of the E-
mode threshold voltage has been ach1eved by the process discussed in Chapter 4. A
further i improvement is necessary for better device and circuit performances.

Another i 1mponant figure of merit is the transconductance, Gy (s)or width-normalized
transconductance, gp, (ms/mm), as dlscussed in Section 2.5. The test results of Gp's for
both D mode and E-mode MODFET's are shown in F1g 5.7 For each of the two cases,
Gn is zero when Vg is below threshold voltage since the device is off. :Beyond the
threshold voltage Gm increases rap1dly A maximum is reached where the 2DEG carrier
concentration reaches it’s maximum value, i.e., the potential well at the AlGaAs/GaAs
1nterface is full. At this point, the depletion region from the gate and the depletion region

from the heterOJunctlon just touch Beyond this point, Gm' goes down because the
deplenon w1dth of the Schottky gate is smaller than AlGaAs thickness so that a parallel
channel in the doped n+AlGaAs will appear. Thus the charge in the AlGaAs isolates the V
o 2DEG from changes in Vg, i.e., a change in Vg mamly changes the charge in the AlGaAs,
50 dns/dVg goes 1o zero. ST
" The transconductance Gy deﬁned by (2 60) and measured in Fig. 5. 7 is the so called -
extrms1c transconductance, which includes the series resistance of source. An mtnnsxc
N ‘transconductance, Gmo, 1s deﬁned as: ' :
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' | Table 5.1 Threshold voltages Vih (V) of E-mode MODFET’s across the entire wafer.

Mode : Enhanceme_rtt-mode Depletion'-mode
No. of , | ‘ , o LT
transistors =~ | .. 17 . : 8 : 1
measured : o :
Average lvaluew 1 0.384V ‘ -3.42V
‘Standard - v :
deviation ¢ 1 44.0mV | 1550 mV
= x 100% S | v
yl.h ' ] 11.5% - - 4.52%
Gate recess R . o ; .
controlled by - wetetch 7 - MBE (UnetChed)‘ :
Gmo = CoWVea ' | o SL (5.12)

‘J_Opposxte to Gm, Gmo considers the 2DEG channel conductance only The two -

transconductances are related by

— Gmo = | 1
" 1+GmeRs g, 1
Grmo | - (5.13)
Another important parameter is the dram conductance whxch is: '
| Ga= Alg | ‘ ) o o :
AVy V ' ’ _ (5 14)
The open cncun gam of a FET is determmed by the drain and extrinsic transconductances
" ds : S o
. G | BRI T TRy
ain == - ROREY
g Gq o . (5 1 5)

Both Gm and G4 depend on the gate voltage Vg To obtain a maximum gam an

N operatmg point at Vg should be found Since G4 is- almost a constant in saturauon reglon

“Vgis picked where Gm reaches it’s maximum value. For the device in Flg 5.3 (b) and

Fig. 5.7 (b), Gd-O 057ms at Vg=0.9V, the maxunum open c1rcu1t dc gam of thxs FET is.

then: o - .
gam=2 019/0 057=35.42, . B S
Now itis easy to understand why thxs ﬁlm with a tluck spacer layer of tv-ZOOA is sa1d
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o _ .('b) ’E-mo'_de transistor (W/L=40/2, SD=6pm). '

" Figure 5.7 Transconductances at Vdd = 2.0V.
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_ .not' to be optinﬁzed for transconductance. A thick spacer layer leads to a- smaller

_ capacnance C2 82/t2 Thxs turns into a smallcr Gmo and Gm by . 12) and (5 13) - e

respectlvely R o S R 7
Itis understood that a shorter gate length MODFET will result in a smaller channel

' res1stance, therefore a larger transconductance. In other words, gm—unC2W(V g-Vth)/L S

- 80 long as ns Cz(Vg-Vth)/q If gy is expressed in m$S per unit w1dth then gm goes as
L l/L This is provcn by the measm'ements 1llustrated in Table 5.2. '

: Table 52 Transconductances versus gate lengths L and source- to-drain spacmg SD

- [No.] mode| W/L)ratio | SD (um) Gm (mS)» gm(mS/mm)
(1 |E |82 |6 353 | 44.06
2 |E_ |42 |6 | 202 [ 5050
3 |E J402 |8 | 163 | 4075
4 |E laya |8 - | 1362 | 3405
5 |E 4006 | 10 1199 | 29975
6 |D :40/150 _l150 - | 0955 | 6‘.37‘ '

Comparm g the results hsted in. Table 5 2 with the values obtamed at Purdue one year’_
ago(33) moderate i improvements have been made. This progress is beheved pnmanly '

' due to the efforts of i improving ohmic contact and threshold. voltage control on the E-mode ) : i

o 'MODFET's ‘Better control of the Tecess etch allows the threshold voltage- Vth of the E-
mode devices to be decreased from about 0. 85V one year ago to 0 38v: now Recallmg
equatton 2. 57) for the large gate case (where saturatlon is due to channel pmch-off rather
: 'than carrier velocny saturation), the transconductance in the saturation reglon is then

G,y = ucz(w)(vg Va)= qunsW

N L sle

“where . s
=24V,-V v
( )( o "‘) o (5 17)

Thls means a reduced threshold voltage Vth will lead to a larger Gm because other

o - quantities in (5.16) are constants.

Even when Vg is below the threshold voltagc Vth, the dram current is not absolute
: zero as. long as Vdis not zero. This leakage current is called the subthreshold current Its
o magmtude is about 500nA for the MODFET s processed at Purdue, as shown m’ i g 5. 8
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" Figure 5.8 Subthreshold current at Vg=2.0V (E-mode device:W/L=40/2, SD=6ytm).
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The leakage path is beheved to be through the undoped GaAs and the semr-msulatmg '

L ‘substrate Currents from 50nA to 180nA between the isolated mesas were found whena

B denvatron '

; _ voltage of V=3V was applied. Similar 0 Sl MOSFETs(58) an exponentra] relauonshlp in
- _the region below the threshold voltage, as shown in Fig. 5.8, is found The typlcal value
,of MODFET's fabncated at Purdue is about 80mV/decade ’ .
" The ﬁnal 1mportant figure of merit measured for the smgle FET is the dram/swrce» |

‘ Ares1stance From (2.46), for any two points (Vg 1> Iq1) and (V g2’ I32) chosen for large B .
,:.,"*"(Vg-Vth) but sma.ll Vd, we can obtam the followmg equauon through some s1mple L

1 Idllng Vth) .
U AVg-Vg

: I{VgTVm).
. Ver-Vin (5. 18)
. The dxfference of the source and drain. access resmtances Rs-Rd is determmed by end
B res1stance measurements proposed by K. W Lee, et al. (59) ‘A current is forced between
~ the gate and the grounded source. The voltage drop between the dram and the source is

: -measured Thrs voltage divided by the current gives the source. access resrstance together ’

s

o ]w1th some portlon of the channel resistance. The same procedure is repeated after the
o drarn and source are switched. The drfference between the two res1stances obtamed ave B

S 1s reasonably thought to be (Rs-Rd) For a qulck esnmauon especrally when source and :
. ,dram are phys1cally symmetric, it is reasonable to assume Rg = Ry Then for the dev1ce '
S ,ﬂlustrated m Fig. 5.4 (a) with V=0 334V choosmg the two pomts at Vd=0 05V ’
’ Ig1=1851HA , Vg1 =0527V SR
‘ Id2 30. 85uA Vg2— O 69V
' Calculatron of (5.18) gives - -
B Rs+Rd- 495:2 ’ o

Cmemees

- - The total: resl’stance Rs+Rd is PR

L Rs+Rd Rchannel+2RC . B R

. where Rchannel is the resistance’ due to. the 2DEG under the ungated portlons of the _
) dev1ce Recallmg the contact resistance obtamed from last sectlon Rc 1190 the totalf

: "contact resistance is: then about 48.1% of the total resistance. Toreduce its percenule to

% or below, a contact resmtance of Rc-14 3Q or a specrﬁc contact resrsnvrty pc <

;Q“-cm2 must be achieved, as clarmed carlier. =
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. Fmally, the charactensuc curves of ungated D-mode MODFET's are shown in F1g
: i5 9 Only a small portion, the linear region of operatlon is used for the E/D type inverter
: v.bullt at Purdue, as d1scussed in Secuon 3.2 S, ’ '

. - 5 3 ‘DCFL E/D Type Inverters : _ , g |
' As drscussed in ‘Chapter 3, the operanng points- VoL, VoH of an mverter can be found

| .. , f”by connectmg two identical mverters in cascade, as shown in F1g 35 (b)

g In addmon to the above two values, several other critical voltages and concepts are |
commonly used in charactenzmg and evaluating the inverter performance. These concepts
“are input low and high voltages, Vy and Vi, mverter threshold voltage Vi, noise margin

L TFNM voltage noise sensitivity NS, the 1nput transmon width TW, the logic swing V}, and

- _,i the circuit noise immunity levels NI Some of them are shown iri F1g 5 10 They wxll be
.'jexpla.med and defined next in the order they are listed above G

B VIL is defined by the pomt where
T dv,n o T S (519),
: VIL represents the maxunum value that a loglc "0" input | may have and Stlll guarantee a

| . loglc " at the output. Slrmlarly, Vm is defined by the same equation mentloned above o
" “and represents the minimum log1c "1" input voltage that will guarantee a logic "0" at. the -

o _:output Vt is defined as the intersection of the transfer charactenstlc w1th the umty gain

o ;lme Vout =Vin. The rest of the concepts mentioned above are defined i m terms of VoL," 3
. VOH» VIL’ VIH’ and Vy. - ' |
The noise margm NM's are expressed as o : . -

| L MMeVorVy 62

NMg=Vp-Voo (2D

- _‘as shown in F1g 5. 10. Here and later on the subscripts "H" and "L" are for hlgh and low

o states, respectlvely Phys1ca11y, noise margln NM is the range of variation of an input

voltage for whlch no output transition will occur. It can be mterpreted by Fig. 5. 11

The voltage noise sensmvmes NS's are deﬁned as o R :
o NS V-V . (5.22)
ey o ONSy=Vou-V¢ (523
A as shown m F1g 5.10 also. For an 1deal inverter, NSH = NSL = -vdd/z The
e flnterpretatlon of NS is the amount of voltage necessary at the mput to cause & deﬁmte B
.~ output transition, as defined in Fig. 5.10. ' :
- The input transition width TW is defined as
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Figure 5.9 :.‘Charactc__risﬁé_ curves of ungatcd_..D-inode transistors (W/L=40/8, SD=14).
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Figure 5.11 Intcrpreiation of noise margin.
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TW = V- V. o (5.24)
This quanuty is a measure of the separation bctween mput logic low and mput loglc high-

values.
The logic swmg Vi, which is simply the separatlon of output high and output low

values, or be expressed as

Vi=Vou- VoL o B (525
Finally, the circuit noise immunity levels are defined as: '

NI = NSu _ Vou-Vi

, Vi Vou-Vou ) : (5.26)

: Vi . Vou-Vao ] - (5.27)

which are the measure of the ability of the circuit to resist noise.

With the concepts and their values defined above, the DC properties of the inverter
circuit can be evaluated. Two typical transfer charaéteristic curves of inverters with
unetched and etched loads fabricated on the test chlp are shown in Fig. 5.12 and 5. 13,
respectlvcly The characterization results are listed in Table 5.3.

The inverter with etched load has a good shapc ‘The one with unetched load does not.
But the ctched D-load is overetched. This overetched load possesses a very high
resistance or a threshold voltage which is almost positive. Its behavior is similar to an E-

‘mode load such that the output high of the inverter can not be pulled all the way up to
Vdd. ‘

5.4 Other MODFET DCFL Clrcmts
~ In this section, three-mput NAND and NOR loglc gates and ring oscxllators will be
charactenzed

5.4.1 Three-input NAND and NOR logic gates

To characterize these two gates, input sequential signals representing the truth tables
Table 3.1 and Table 3.2 must be generated. Since no multioutput sequential generator is
available at present, a square periodic wave form generator (IEC F51 function generator)
and a TTL dual D-type edge-triggered flip-flops (SN7474N) as well as a hex buffer/driver
with open collector high voltage outputs (SD7407) are connected as shown in Fig. 5.14
(a).”The timing sequence generated by this circuit is illustrated in Fig. 5 14 (®). Totally
six probes, three inputs A, B, and C, one voltage supply Vdd=1.0V, one ground and one
- output, are needed. | - '
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Figure 5.13 Transfer characteristic of E/D inverter with etched load.
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 Table’5.3 Characterization of E/D inverters with etched and unetched loads.

7..,“Ch'a>ractc1:'izéd§aluesv »hver;er with unetched 1ogd : Iﬁvenénr with etched ioad‘ s
Vou | 1.0 | 096

Vo | 021 T 008
v | o2 | o051

V. ] o o030
Ve 052 | 0.42

MMy 1 o3 | oss

NM, | 013 022
NSy | 049 | 054
NS, n 0.31 L | 034
™ | o028 | o021

:5 \ooo \l O\ “ Au NHg |
e

B/ YT | oss
| 061 061
NI, 039 039

ro
E




The two logrc gates are tested with a Tektronix 5440 oscrlloscope Theu' inputs and
N outputs are pictured in Fig. 5.15 and F1g 5 16, respect1vely The correct logic functions
-are- created by the two gates ' '

542 Ring Oscillators - ,

As shown by the layout of the ring oscillator chip on page 52, totally. four probes are -

needed to characterize a ring oscillator. One is for voltage supply Vdd, one is for output
' ‘Vout and two for the ground. ' ’

‘A Micromanipulator FET PS4 probe, a HP54501A Digitizing osc1lloscope and a

Tektronix 5440 oscilloscope are used to characterize the ring oscillators. The oscillation

~ waveform of an eleven-stage MODFET ring oscillator with E/D type inverters and t\yo :

~ output stages is shown in Fig. 5.17 (a). The load of each of 13 inverters in this circuit is

' unetched The shortest propagation time delay of each stage is tpd=477. 3ps/stage (when

- ~Vdd=1. 94V) A supply voltage vdd dependence of osc1llanon frequency is shown in F1g

17(b)

-5, 5 Dlscusswn and Summary ‘ :

; The two transfer characteristics of the test inverters shown in Fig. 5. 12 and 5.13 show
_' ~ that their output low tail near Vin=1.0V is bent up a httle, rather than level out or decay
i contmuously This is due to the gate leakage of the E-driver. A typical charactensue of E-

- driver coupled with a typical load line is shown in Fig. 5. 18. For Vg larger than 0.8V, '
more and more gate leakage currents for larger gate voltages in the small portion of drain
_voltage appear. The intersections between the load line and that of E-driver for the
1ncreased 'Vg's become more and more positive. “This results in a sllghtly hlgh output

~ voltages of the inverter. -
- For the inverter perforxnance consrderatron in addition to the DC voltage values we

have characterized in Section 5.2, another important criterion is the power dlss1patlon. :
* For the unetched load case, the load is always in its linear region of operation as we have
'discus,s_ed_ in Chapter 3. For the ungated D_-load, the current before saturation can be
' calculated by: o B ' :
S Ta=qnWv =gV 6. 28)
: From prevxous dlSCllSSlOl’l the followmg parameters are known or calculated as o
ll-695 1.84 cm2/V-sec. ' o
ns—4 88x101 lem3
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Figure 5.14 Waveform generator and its output timing scqucn'c_és; B



| Three Exdrivers: W/L=40/2, SD=6ym_
* EchedD-load:  W/L=40/30, SD=30um

 Figure 5.15 Inputand output of a 3-input MODFET NAND logic gare.
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. Three Edrivers: W/L=40/2, SD=6ym
" ExhedD-load: W/L=40/6, SD=6ym

. Figure 516 Tnput and output of a 3-input MODFET NOR logic gate,
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(a) oscxllanon wavcform of an elevcn-stagc MODFET rmg oscﬂlator at |
Vdd—O 0V. . - . . SR :

S |.

, Vdd-o 7ovﬁ

Vdd=o.73v .

(b) oscil:ations of ring oscxllator for three dxff'erent supply voltages

Fxgurc 5. 17 Oscillation waveforms o}ngODFET nng oscﬂlator (E-dnvers W/L_40/2,
T SD-Gp.m unetched D-loads W/L-40/40 SD-40um)

1
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 (W/L)1=40/50=0.8

: Vdsl-Vdd-VQLFO 75V

o Hence -
Idl 326pA N

- as compared to the measurement result (whlch will be used for the later calculauon)

Iq1=350pA | |

" The power of the inverter Pinv is approximated as:

va—ldlxvdd- 350p,W :

} ~ This inverter consumes a lot of power because of its relatlvely large Ithl Usually

o vreduced IVl and Bl are desired to reduce the power dissipation. The physical
: mterpretatxon for this reduction is that a reduced IVtll or B) means a more resxstwe load.
- This wxll results ina smaller static current from voltage supply to the ground, but a lower
) speed. . | ,

_ erewme, the power d1ss1patlon of aring oscillator can be calculated in the same way ‘

~ For each inverter of the test ring oscillator, all parameters are the same as in the above list

o v, 3 with the exceptton of (W/L)1-40/40-1 Thus

Iq1=437.50A

- and t.he power Posc consumed by each stage of the nng oscdlator is glven by -
2e ' Posc=437.5V4d (].LW) - . (5.29)

= \Thls express1on shows a linear relatlonshlp between the power d1ssxpanon of the ring
- oscillator Posc (mW/stage) and the voltage supply Vdd (V). Thus onthe one hand,

g srnaller Vdd is prefered to reduce the power dissipation of the c1rcu1t However onthe

other hand an mcreased Vdd will cause a less propagation delay tpd Transwnt response.

B - analysxs shows that the propagation delay of an inverter is pnmanly determined by how

fast the output voltage of the inverter is pulled up from low to high by the load current,
rather than pulled down from high to- low by the driver. As alarger Vdd leads to a larger
load current Idl’ it is apparent that this mcreased Vdd will cause a smaller time delay, as

' -'proven by the measurements shown in Fig. 5.19. The Posc- vs. Vdd is calculated by

o (5. 19) and i 1s also shown i in the same figure.

The choice of V4 is a trade- off between the power d1551pauon and the propagauoni .

. delay. A very important figure of merit, the product’
3 tpd (propagation delay) x Posc (power dissipation) |

s usually considered to compare the performance of different ring osc1llators The curve

“ of product tpdxPosc vs. Vdd of the test MODFET rmg oscillator is shown i in Fxg 5 20
d ,,From thxs ﬁgure, the optnnum figure of ment for this rmg oscxllator 1s ‘ R
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: o tpdXPosc=372.2 fi/stage
o ’ and corresponding tpg, Pogc and Vgq are:
' tpd=650 ps/stage '
Posc=573.13 uW/stage
Vgg= 1.31V.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATION FOR FUTURE WORK .

GaAs MODFET DCFL E/D type circuits and fabrtcatlon technology have been
developed by this work. Several goals have been achieved.

- The enhancement-mode MODFET's with 2;,Lm gate lengths defined by totally opt1ca1
lithography have demonstrated the transconductance as high as 50.50 ms/mm. A series
of experlments on the contact alloy cycle have been conducted. The specific contact
resistivity and width-normalized contact resistance as low as 4. 95x10’5 Q-cm? and 3.02
Q-mm, respectively, have been accomphshed. Reésearch on the gate recess etch has led
to an acceptable threshold voltage uniforrnity ‘The threshold Voltages of enhancement-
mode devices across the 6mmx9mm wafer ranged from 0.319V to 0.466V with a mean
value of 0. 38V and standard deviation of 44mV for the 17 transistors measured.

Al types of DCFL circuits designed and fabricated on the test chip are workmg well
The E/D type inverters have demonstrated noise margin of NMp = 0.22V, NMy = 0.45V
and logic swing of V|=0.88V. The three- -input NAND and NOR logic gates have
exh1b1ted correct logic functions. MODFET ring: oscillators with E/D type inverters have
been successfully built. The shortest propagation time delay of 477.3 ps/stage, the
optimum time-power product of 372.2fj/stage at Vqq=1.31V and power dissipation of
573.1uW/stage (at 300K) have been demonstrated by an eleven-stage ring oscillator with
two additional output inverter stages |

After progress has been made in basic MODFET circuits as presented in the previous
chapters, larger and better circuit applications are goals for future work. For this
purpose, better control of the process and improved device performance are necessary
- Two pnmary recommendations are made for these concerns. o
- First, for further transconductance improvement, both MBE f11m structure and
- device geometncal dimensions need to be improved. As mentioned in ‘Chapter 5, the
| »thlck spacer layer of the Perkin Elmer MODFET film used at Purdure is optlmxzed for
carrier mobility, rather than transconductance. A thinner spacer layer may be used for v
better t;:ansconductance 'perbformance. Also, a relatively large source-to-drain spacing,
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61um, has been used for the process runs up to now. A spacing reduction is necessary to
- reduce the source to drain serial resistance. But this reduction is limited by the optical
lithography. Much smaller spacings can be achieved by e-beam direct-write. Gate
lengths of 0.5um and source-to-drain spacing of 3.5um can be easily achieved by this
techmque Additionally, large source and drain resistance is prlmanly attributed to the
large contact resistance, which causes the poor transconductance as mentioned in Section
5.5.- Despite some work which has been done on this so far, more effort is nécessary
The specific contact resistivity as low as 5x10~ 8Q-cm? or width-normalized resxstancc of
0. 0359 -mm has been reported.(49) Further study and experiments on the contact and
_it's alloy cycle as discussed in Chapter 3 are needed.

Second, a better control on the threshold voltage or gate recess etch is desired. A
pH controlled etch is worth trying for its simplicity. By controlling the pH value of the
recess etch solution at the value of 7.1 with a high-resolution pH meter, a good -
uniformity of threshold voltage with small variation of 70mV for several runs has been
éccomplished (11) Much better results can be achieved by dry reactive ion etch (RIE).
This technique is strongly recommended in spite of its complexity. Threshold voltage
variation as small as 4mV across the 10mmx10mm wafer has been reported using this
method.(20) This i impressive result shows the necessity of this technique for high quality -
MODFET DCFL circuits. The RIE and self-stopping-layer technique makes use of
former's high selectivity between GaAs and AlGaAs. A very thin stop layer, GaAs, is
included to the doped AlGaAs during MBE growth of film. The AlGaAs thickness
below the stop GaAs layer which is required for the threshold voltage of the
“enhancement-mode device is calculated and controlled precisely during MBE growth.
Then, on top of the thin GaAs stop layer, another AlGaAs layer is grown to produce the
desired thickness for the threshold voltage of depletion-mode MODFET. RIE is then
applied to remove the cap n+ GaAs layer on the depletion-mode gate areas and recess
through the GaAs stop layer on the enhancement-mode gate re gions. Accurate threshold
voltages for both E-mode and D-mode MODFET's will be achieved. The details of the
RIE dry etch for the MODFET 's are discussed in Reference (19), (20), (24), (26) and
(60).

Better mask layout can contribute a lot to the improvements of circuits. For the
example of the ring oscillator, the propagation delay is primarily due to the pull- -up
procedure and the value of the load capacitance has a dramatic i impact on the speed. The
major poruon of the load capacitance is the gate capacitance of the next stage. So the area
of the gate and interconnect metal between the output of one stage to the gate of the next
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- ‘,stage must be reduced as small as possible To reduce this area and capacitance, one
: layout example is illustrated in Fig. 6.1. This design aligns the gate of each stage straight
to the output of the previous stage, rather than to the gate as we did. The area of the
~ interconnect metal or load capacitance is thus reduced greatly. B
Fmally, a planar process realized by implant isolation is recommended for the more
- complicated circuit implementations. As mentioned earlier, the mesa etch may cause open
- eircuits if the gate and interconnect metal is not deposited thick enough to cbVer the mesa
B _/:sté'p For the relatively simple circuits we have built on the test chips, mesa etch is an
acceptable method for simplicity. However, for large scale mtegrated cxrcmts, the
’ ‘probabﬂlty of open circuits due to the mesa depth will be increased.
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Flgurc 6.1 A ring oscillator designed with the reduced load capaéitanccs;"(sg)
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- APPENDIX

MODFET Runsheet (Optical Process)

1) Obtain film
' Film cross-section:
Seml-msulatm g GaAs substrate
* 1.0 micron undoped GaAs
200 A undoped.(Al,Ga)As-
600 A n+(AL,Ga)As
© 50 A n+ GaAs

2) Mount sample on Si wafer
Solder with Indium

‘MASK 1:

3) Deﬁne mesa pattem
Prebake sample @ 1200C for 15 minutes ,
Deposit AZ-1350J-SF positive photoresist
Spin @4400 rpm for 40 seconds
Softbake resist @ 90°C for 15 minutes
Align and expose mesa mask (Suss Aligner)
' Exposure time: 6 seconds .
Exposure umits: 275w
Exposure Mode: HP
Develop resist
- Developer: 1 AZ Developer 1 DI
Develop time: 30 seconds
Rmse time: 40 seconds (DI)
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~Inspect pattern
Hardbake resist @ 1200 C for 20 mmutes
- 4) - MesaEtch
Wet Etch ; -
Solution: 1 H2304 1 H202 24 DI
- Depth: 5000A |
Rate: approximately 50 A/second
‘Time: 100 seconds |
NOTE: | -
‘ Add HpSO4 to DI ‘
Wait for temperaturc to fall to 35 OC.
Add H7O,, wait 30 seconds.
. Perform etch. |
DI rinse
N N blow dry -
' Strip resist with Aceton
Methanol rmse
‘DI rinse
' Np blow dry
- Record depth and each rate (Tcncor Alpha Stcp)
NOTE: Perform etch on GaAs sample first to calibrate etch rate. Use ldentlcal DI
temperature and tune delay for both

MASK 2:

5)  Define Ohmic Contact Pattern |
" Prebake @ 120°C for 15 minutes
Deposit AZ-1350J-SF positive photoresist
. Spin@ 4000 pm for 30 seconds
Softbake resist @ 65°C for 15 minutes
~ Align and expose contact mask -
' Exposuré time: 6 seconds
Exposure units(power): 275w
* Exposure Mode: HP . o
A1d hftoff wuh 14 rmnutc soak in Chlorobenzcnc -
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Develop resist
* Develop solution: 1 AZ Developer : 1 DI
Develop time: 70 seconds
" Rinse time: 40 seconds (lI)
Inspect pattern

6) Ohmic Contact Evaporation
Oxldc Etch
Etch solution: 1 NH4OH : 40 DI

- Etch time: 30 seconds

DI rinse
N> blow dry
E-beam Evaporatxon (Varian system)
Ni  50A  2602Hz
Ge 500A 1.565Hz
Au  1000A  11353Hz
Ni  300A - 1,571Hz |,
Au 3004 - 3,406Hz

Ti = 1000A 2,653 Hz |
Au  2000A° 22706 Hz =

7) Liftoff Pattern
Aceton soak :
(Use Aceton filled squ1rt bottle)
" Methanol rinse

* DIrinse
- N7 blow dry

. Inspect pattern

8) Alioy Ohmic Contacts | o
- Open tube N furnace (Marshall furnace).
Alloy @ 4500C for 5 minutes -
Inspect contacts (should be brownish and bubbly for Au/Ge)
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| >'_MASK 3;

- 9) Deﬁne Gate Rccess Pattern for D-mode Load
Prebake @ 120°C for 15 mmutes
Deposit AZ-1350] -SF positive photoresist
Spin @ 4400 rpm for 40 seconds
‘Softbake resist @ 70° C for 15 minutes
Ahgn and expose gate recess mask
Exposure time: 5.75 seconds
Exposyre units (power): 275w
Exposure Mode: HP o
: Develop resist
Develop solut10n 1 AZ Developer : 1 DI
Develop time: 85 seconds '
. -~ Rinse time: 40 seconds (DI)
; Inspect pattern

10) D-mOde Load Recess Etch:
~ WetEtch -
- Solution: 2 HyS04:1 H202 500 DI
. Time: (determined by electrical monitoring) 30-45 seconds
Rate: 225A/second » : »
- Depth: (determined by electrical momtonng) the cun'ent should be
‘ ' about five times smaller than its initial magmtude
‘DI rinse
N» blow-dry
Strip resist with Aceton
~Methanol Rinse
 DIRinse -
" Np blow dry

'MASK 4:

__."ll) DeﬁneGateRecessPatternforE—modeDnver o
- Prebake@ 1200c for 15 mlnutes '



117

. Deposit AZ-1350J-SF positive photoresist
 Spin @4400 rpm for 40 seconds
 Softbake resist @70°C for'15 minutes
'Ahgn and expose gate recess mask
Exposure time: 5.75 seconds
- Exposure units (powcr) _275w -

: : Exposure Mode: HP -

Develop resist . , _
Develop solution: 1 AZ Developer : 1 DI
Develop time: 85 seconds |
Rinse time: 40 seconds ®©np

Inspect pattern o

12) Gate Recess Etch
" Wet Etch
' Solution: 2H5S804 : 1 H202 500 DI
, Tlmc (determined by electrical momtormg) 60-75 scconds

Rate: 2.25 A /second . = -

Depth: (determined by elccmcal momtormg) about 160—180A
DI rinse
N2 blow dry |
Strip ressit with Aceton

Methanol Rinse

DIRinse

‘Npblowdry

MASK 5:

13) Define Gate Metal Pattern
 Prebake @ 1200 C for 15 minutes
Deposit AZ-1350]-SF positive photoresist
Spm @ 4000 rpm for 30 seconds
Softbake resist @ 65 ©C for 15 minutes
Ahgn and expose metal mask .
' * Expoaure time: 5.5 seconds



118

Exposure power: 275w
Exposure Mode: HP
- Aid liftoff with 14 mmute soak in Chlorobenzene
Develop resist
- Develop solution: 1 AZ Developer 1DI
Develop time: 85 seconds
" Rinse time: 40 seconds
~ Inspect pattern

14) Gate Metal Evaporation -
Oxideetch
Etch solution : 1 NH4OH : 40 DI
Etch time: 30 seconds
DI rinse
Ny blow dry |
E-beam Evaporation (Varian System)
'Ti  500A 1326Hz
Au  4000A 45412 Hz

15) Liftoff -Pattern
~ Aceton soak
(Use Aceton filled squirt bottle)
_-Methanol rinse
DI rinse :
"Nablowdry -

16) Inspect MODFETS
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