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FOREWORD

In light of the increasing importance of microwave semiconductor
devices , Raytheon Company, Research Division has undertaken a study of
electrical traps in microwave materials under the auspices of the Air Force
Office of Scientific Research. This report concentrates on the progress
achieved during the third and final year of the program.

This program was the final year of a three-year program to identify the
sources of trapping centers in gallium arsenide semiconductor devices , to
correlate this evidence with device effects and to eliminate or minimize these
effects.

Dur ing the first year of the progr am we assembled measurement appa-
ratus and established a technique , based on drain current transients , in de-
termining trap activation energies on GaAs FET ’ s using a mod ification of deep
level transient spe ctros copy (DL TS).

During the second year we applied the new DLTS measurement technique ,
and variations of it , to numerous samples chosen to provide comparisons of
different growth and device processing methods. The data has been supple-
mented by other pulsed and optical experiments which are described in the
Second Interim Report.

During the final year , we used transient capacitance DLTS techniques
by utilizing special FET structures (fat .FET’ s) and specially-doped test
wafers. A hole trap (at 45 eV due to copper) was identified in p-GaAs and an
electron trap at 0. 34 eV in an n-GaAs IMPATT diode was detected. A tech-
nique was devised for identifying trap energy levels from a single DLTS tem-
perature sweep. Surface traps , whose signature differs qualitatively from
bulk trap signatures , were discovered in FET wafers. An FET structure
which was grown and fabricated into recessed gate devices minimized the
effect of traps , as was demonstrated by measuring pulsed and DC I-V
characteristics.

This report has been given an internal number of S-2333. -
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1.0 INTRODUCTION

This final report on a three-year stud y of electrical traps in GaAs
and their effects on microwave devices will concentrate on the experiments
and analysis carried out during the final year of this project . Many of the
important results of these earlier studies are discussed in interim reports , 1 -2

including ( 1) the development of a novel deep level transient spectroscopy
(DLTS) method based on current transients instead of capacitance transients ,
which had the advan t age of being directly applicable to operating FET’
(2) the development of an important new method for increasing mobility in
FET’ s and other thin semiconductor films , and (3) the measurement of the
transient changes from the DC I-V characteristics of FET ’ s caused by
pulsing the gate or the drain voltages. 1-2

1. 1 Electron and Hole Traps in IMPATT Diodes and FET’ S

The importance of trapp ing centers in semiconductor materials has
been recognized for many years , 5-6 but the developing art of growing -high-
quality VPE GaAs with controlled doping levels for IMPATT diodes and FET ’ s
has made it more important than ever to understand the role of electron and
hole traps . By determining the energy levels of the important traps , the
chemical impurities which caused them can be identified , which is an aid in
modif ying the growth techniques in order to reduce the density of impurities
and lattice defects in GaAs. The physical location of these traps gave in-
formation which was useful in devising structures for semiconductor devices
which would minimize their effe cts upon performance. For FET ’ s , struc-
tures can be fabricated which isolate traps from the substrate by means of
buffer layers and isolate traps on the surface by means of a recessed gate.

Because of the evident importance of traps and surface charge to the
operation of FET’ s , our effort was concentrated upon these devices. How-
ever , experim ents were also carried out to measure trap densities near the
doping spike of a Read IMPATT diode and to measure hole traps in p-GaAs.

1 
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At the present t ime the charac te r iza t ions  of p-GaAs have a par t icular  im-
portance because of the emergin g technolog y for double-drift  IMPATT diodes
in GaAs.

The occurrence of t raps in FE T’  s causes the parameters  of these
devices to become time and bias dependent , and also to become l ight-sensi t ive .
Flu ctuations in the t rap occupancy causes correspondin g fluctuations in the
source-gate capacitance . Although the trap s investigated during this contract

N have f 1uct c~~ions with Fourier components concentrated in the l0-to- l00 kHz
range , the resulting noise in the active component of an oscillator cir cuit is

I: likely to be upconverted to produce FM noise in the microwave range .

1. 2 Summary of Research Findings

In the earlier phase of this contract , a novel DLTS technique using
current transients was used to detect traps and measure their energy levels
directly upon FET s. However , the comple x interactions in the three-
terminal device made it difficult to interpret these measurements. Therefore ,

a DLTS system , similar to Lang ’ s system , was constructed for pulsed
capacitance measurements. The basis of Lang ’ s methods is derived in
Sec. 2 , and our equipment is described and a circuit diagram shown. Two
new formulas which provide a convenient approximation for adapting the
basic technique to semiconductors with nonuniform doping are also derived.

The equipment was first  applied to Schottky barrier and n~ pp~ diodes.
Although the standard Lang technique requires at least two temperature
sweeps to calculate the trap cross section and energy level , a calculation is
described in Sec. 3 which determines these parameters and generates a num-
ber of secondary data points from a single curve , provided the base line of
the DLTS curve can be determined . In our measurements we were attempting
to detect the traps which existed in the best device-grade GaAs without in-
tentionally introducing extraneous impurites , so that we were usually attempt -
ing to measure low trap densities. In a Read IMPATT diode , a trap density
of 7 x i0 12 cm 3 was detected in the drift region close to the Read spike .

2
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The ener gy level of this t rap  was 0 .34  eV below the conduction ban d , which
was close to values for a previousl y measured t rap  level. We were among
the f i r s t  experimenters to take measurements  in p-GaA s , and , in the fl+pp+

diode , we detected a c-Sap 0 .45 eV above that valen ce band which had been de-
te & -ted earlier as a minor i ty  carrier t r ap  in n-mater ia l 9 ’ 10 and attribut ed to
a copper impuri ty.

Applying Lang ’ s method to GaAs grown on semi-insulating substrates
required growing special low-doped test wafers and the fabrication of fat
FET ’ s. An electron t rap  0. 85 eV below the conduction band was detected
which coincides with a previously detected t rap  attributed to oxygen con-
tam ination . 8 In addition , an anomalous signal was detected which was
qua l i t a t ive l y  di f ferent  from previousl y detected signals from bulk traps.
En addit ion to characterist ics described fu r the r  in Sec. 4 , the new signature
was distinguished from bulk traps because it not only produced peaks which
had the opposite sign from the bulk t rap  signatures , but it also gave a strong
sign al for a “ rever se ” pulse under conditions in which bulk traps produce
no response to such a pulse. This signature appears to be caused by surface

~t at e~ at the interface between the GaAs and the met allic gate.

Measurements  were also made on normal FET wafers with active
layer doping on the order of 1 ‘c 10 k ’  cn~~

3 , as described in Sec. 5. A theo-
ret ical  model of the surface states is put forward in Sec. 6. As a by-product
of th is  model , some quant i ta t ive calculations are given to illustrate Cowley
and Sze ’ s model11 ’ 12 which desc r ibes the Fermi level pinning at a Schottky
barrier .  These calculations determine a buil t- in potential which does not
vary significantly from 0. 85 V for different metals and for different reverse
biases , so that they are consistent with experimental measurements.

Section 7 gives detailed description of a growth method and a fabri-
cation technique for producing FET’ s with a minimum effe ct due to traps.
These FET’ s are distinguished by a buffer  layer which prevents impurities
such as chromium from diffusing into the thin active layer and to the surface.
These FET ’ s are fabricated with a recessed gate which keeps the surface

3
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area between gate and drain , which may have surface states and an associated
depletion layer , remote from the conducting channel.

In Sec. 8 , I-V measurements on FET’ s are described which are taken
both in a steady state and immediately after pulsing the gate or the drain .
For an unbuffered device , there is a large difference between the pulsed drain
curves and the DC curves. A computer model of a FET with transients due to
bulk traps is described along with results that show that the measured effects
are too large to be explained by bulk traps and are therefore undoubtedly due
to surface states. These transient changes are found to be greatly reduced
on devices grown with a buffer layer and almost completely eliminated when
an n~ contact layer is present beneath the gat e and drain. A consistent study
of the noise characteristics of these devices and their relationship to the bulk
and surface traps described in this report would produce information which
might lead to even further improvement of these low-noise devices.

III 
4 

-



- - 
— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -.-, — .-~~- - ,

2 . 0  DETECTION OF TRAPS BY THE PU LSED CAPACITANCE METHOD

In this section, we describe the pulsed capacitance method derived
by Lang and the behavior of traps in the semiconductor material . One of
the objectives will be to introduce some conventions and nomenclature which
are needed in this report. For completeness we will repeat some of the
arguments given elsewhere , and in part icular  in Lang ’ s original paper . We
will discuss our experimental setup, and give a few formulas and Interpreta-
tion~ which have not previously been published. In particular , we will derive
approximate formulas for trap density which prove useful for semiconductor s
with large changes in doping level , such as occur in buffered FET’ s.

2. 1 Review of the DLTS Technique

The basic experimental procedure is to pulse a Schottky barrier or
p-n junction to a voltage V~ for a time ~~~ where T~ is generally long enough
for any trap transients to settle down. Next , the bias is s.iddenly changed to
V B and the capacitance is measured after times t 1 and t 2 . Our experiments
have always used reverse biases , so that we will use the convention that

reverse bias V and V are considered positive.p B

After the voltage is suddenly changed to VB, the capacitance can be
written as

(i’ ( t)  = C
B 

— ~~C 1(t) , ( 1)

where f( t )  = 1 for t = 0 and f( t )  — ‘ O  as t —‘ co . In fact , f ( t )  can almost always
be taken as

1(t) = e t/T 
, (2)

where the trap decay time T Is a function of temperature.

The DLTS technique measures the sampled values of C(t 2 ) - C(t 1)

(the negative of Lan g ’ s convention ) where boxcar Integrators are used to

5 



- — ~~~~~~ --—-~~~~‘-,.--~- ~~ -- .- -‘ .  ~~~‘ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘~~~‘ ‘~~ FL_~~~ ~~~~~~~~~~

obtain averaged values over many pulses while the temperature Is slowly

swept from about 9 0 K  to 475° K. In this range the temper ature lim its are
close to the boiling point of N 2 and the melting point of the diode solder.

For bulk traps , AC is positive and we use what Lang calls a majority

carrier pulse with V
P 

< VB ,  which we shall call a set pulse. When V~~< Vi,,

we refer to the pulse as a reverse pulse. No response is observed from a

bulk trap after a reverse pulse , although during this contract , we have also
detected surface traps which respond to reverse pulses and have a negative

AC.

The behavior of the signature C(t
2
) - C(t1) can be unders tood from the

diagram in Fig. 1. At low temperature 1’ is large and the capacitance does
not have time to change in time t 2 ,  so the signal is weak. However , at high

temperatures , the transient is over before time t 1. Thus , the maximum
response will come at a temperature where 7 is between t1 and t 2.

To make this specific , assume f(t )  is exponential as in Eq. (2 ) ,  so
that

C(t
2
) — C(t1

) = S(t 1 , t2 ~ ) A C , (3)

where

-t
1 /T  -t 2 / r  -

S =  e - e  . (4)

It is convenient to run experiments with x = t 2 / t 1 fixed for a series
of measurements. At the temperature Tmax where the signature is maximum

T (Tm~~)= (x-1) t1 /~ n x 
‘

so that each temperature gives one data pair ( Tmax ’ Tmax ) and

AC = [ C(t
2

) - C(t 1) I max f’Smax ‘ 
(6)

6
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where
1 x

I
S = x  - x  - (7)
max

To separate two signatures r 1 and 
~2 efficiently, the second derivative

- 
- 

of S(T) should be large and negative near Tmax~

Now
1

2
—p. = x (~~n x) (x-1) , 8

where the second derivative in Eq. (8) is evaluated at Tmax~ 
For fixed

the maximum value of Eq. (8) occurs when x = 2. 14. Efficient separation
requires a large value of S” / S , but the signal S becomes seriously weakened
if x is decreased too far. A numerical check was made by assuming

13 8250/T
= 2.3X10 e , (9a)

and

-14 10320/ T
5 . 7 X 10  e , (9b)

while the strength of the second trap was taken to be 10 percent of the first ,
so that the transient response was

-t/ r i ~~G(t ) = e + 0.1 e . (10)

Here Eq. (9) describes the temperature behavior of two traps identified in
Table III of our Interim report. 2 The signatures for x = 10 and x = 2. 25  are

shown In FIg. 2.

For x 10, the peak response for trap 2 should occur at the location
of the arrow at T = 414K, but it is completely swamped by the signal from

8
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the stronger trap. In contrast , the value x = 2.25 was used in the bottom

half of Fig. 2, and the signal from trap 2 , which should occur at T 430°K ,
is easily identified as a secondary maximum.

The smaller value of x would be advantageous in the absence of noise ,
but the amp litude of the signal increases monotomically with x , and this
factor becomes important in noise-limited signatures. According to Eq. ( 7) ,
the amplitude is reduced by a factor 0.417 when ,- decreases from 10 to
2. 25 and the scales on the ordinates of Fig. 2 have been normalized to this
quantity. In our measurements we have taken x = 5 as a reasonable com-
promise , instead of the value x 10 used by Lang. In special experiments
we occasionally reduced the ratio to x = 2 or 2. 5 when further discrimination
appeared useful.

Strictly speaking, the formulas in Eqs. (5) and (7) are based on the
assumption of Eq. (2) that f(t) is an exponential. It is instructive to see that

these results are not changed drastically if f(t )  is some other function , pro-

vided that it has a well-defined delay time , as shown in Table I.

TABLE I

f(t ) 
~max ” ~1 Value for S Value for

x 5  x 5

1 1
-t/ T x- 1e 

~~~

-

~~
-- 2 .49 - x - x  .5

2inx 2x2~ nx

e (t/ 7)
2 /~

2
~~ 2.73 e i x  

- e 1-x .839

I x2.24 .66
1+(t/r)2 x + 1

_ _ _ _ _ _ _  
Li
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2. 2 Transients in Trap Occupancy

If f is the fraction of deep-level states which are occupied

a ~ = c n + e - (e + e + n (- + p ’  )f , ( 11)n p n p n p

where e and e are the emission rates for holes and electrons , n is then p
free electron density and e n , the electron capture rate , equals Vth a1.1,
where a~ is the cross-section and 

~ th is the thermal velocity, proportional
to TI ! 2 Electron traps are defined as traps for which e~ >> ~~ and
c >> C , and , in the derivations of Sec. 2 , we will assume that these re-
lationships hold and also that the GaAs is an n-semiconductor so that the

• electron traps are majority carrier traps. The analysis of hole traps in
p-material is completely analogous.

In equilibrium , the detailed balance condition requires the rate at
which electrons are captured from the conduction band to equal the rate at
which trapped electrons are emitted , i. e. , n0c~ ( 1_ f )  = f0e~ must hold ,
where no = n

~ 
exp ((E f

_E
C )/ kT) and f0 (1 + g exp ((E

~-E1)/ kTY~ are
equilibrium values , and n is the effective density of states in the conduction
band. It follows that

= v~ aN~ g exp ((E t -E~ )/ k T )  . (12)

Since a may have the form a 0~ exp (_ E
A/ kT ),  i. e. , the cross-section may

have an activation energy , and sin ce Et - E , is found experimentally to
be a linear function of temperature , these are some subtleties in this
formula. Nevertheless , as shown in Ref. 8 , e~ can be written as

en 
= 

~n ~.1a T2 exp - (Ena/kT) , (13)

where %a and Ena~ 
respectively , are an effective cross section and an

• effective “enerLv” below the conduction band. These parameters Identify

a particular trap level by Its transient behavi ‘sr , and in this report we will

11
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understand cross section and energy below the conduction band in this sense.
In Eq. (13), 7n is a constant equal to 2.28 x io20 cm 2 sec~ ’ °K 2 for GaAs.
A similar equation holds for hole traps where E is an energy above the

21pa -2 -1 -2valence band and the constant is = 1. 7 x 10 cm s

In the depletion layer where n is small , the solution of Eq. ( 11) is

f = e
_ t / T  

( 14)

where the trap is assumed full, i. e. f = 1 , at t = 0 and

7 e 1 
= A (300/ T2 ) exp (En ! kT) , ( 15)

where A = 4 . 9 X 1 0 26
/~~~~ .

The behavior of a Schottky diode during a DLTS pulse can now be
seen schematically in Fig. 3. During the set pulse , the electrons are pulled
into the boundary of the depletion layer and the traps are filled beyond the
point x = ~~ - x ,  where x is the small distance from the edge of the 

-

depletion layer to the point where the trap energy crosses the Fermi level.
After the time t ,  the depletion layer jumps out to x(t ) ,  which is beyond the
steady-state position XB because trap s between x~ - and X

B 
- X B remain

fiUed for a time with an occupancy factor satisfying Eq. ( 14) and therefore
the measured capacitance satisfies Eq. (1) , under the assumption that the
trap density NT is small compared to the doping density ND.

We are now in a position to check if the time behavior of the transient
capacitance is consistent with the exponential decay of Eq. ( 14) with the
decay time given by Eq. (15). Figure 4 shows an experimental curve taken
on an n+pp+ diode , which will be discussed further in the next section.
From four DLTS temperature sweeps, we obtained a least-squares fit to
Eq. (15) with A = 3.24X io~

14 and Ena 0.52 eV. The straight line was
drawn at the apparent baseline , and the height to the maximum value for
signature , at T = 294 °K , was measured as Z. The rest of the curve was

12
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F Lgure 3 Schematic Diagram of the Movement of the Depletion
Layer and the Trap Occupancy during a DLTS “Set ” Pulse.
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Figure 4 The Solid Curve is Experimental Data which is nearly
Identical to the Dashed Curve passing through the Open
Circles Calculated Numerically from the Theory of a
DLTS Signal from a Single Bulk Electron Trap. The
max imum amplitude of the dashed curve Is arbitrarily
taken equal to the maximum amplitude of the theoretical
curve. The trap is identified later with copper contam-
Ination of p-GaAs. 
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now calculated as Z S(t11 t2, T)/ Smax and indicated by the open circles
the figure , where 5max = 0.326 is found from Eq. (7) with x = 2.5, and S
is determined from Eqs. (4) and ( 15) using the values for A and Ena~ and the
experimental times t 1 = 20 and t 2 

= 50. The dashed curve connecting the
open circles agrees closely with the experimental curve , which gives a direct
verification of the correctness of the theoretical assumption leading to
Eqs. ( 1 3) and (1), at least for this particular trap.

A distribution of trap states which are uniformly distributed over a
range of energy ~ E is of considerable interest because such a distribution
of surface states has sometimes been suggested as a source of 1/ f  noise.
The DLTS spectra in Fig. 5 were calculated with the aid of a computer
program under the assumption that a uniform distribution of trap states
centered at 0. 58 eV existed. The decay periods , as a function of energy
level , were taken as ~ = 5.49 x io~~

3 (300/ T) exp E/ kT so that the response
was given by

0. 58 .4-1 /2 ~~E

G = .

~~~~~~~~

. j S(t 1, t 2 ,  ~r ( E ) )  dE
V 0. 58-1/2 ~E

As shown In Fig. 5, the maximum amplitude for óE = 0. 17 eV is

less than one-half of the maximum response for a single trap state. The

signatures are much broader with a distribution of states than with a single
stat e , but the maxim a are at almost the- same temperature as for a single
state. When the range of AE is extended to 0. 52 eV , the signature is flat
over a large range of temperatures with no distinguished maxima, as shown
by the bottom curve in Fig. 5, and the amplitude is essentially the same for
t1 = 10 ~sec and for t1 = 80 usec.

2. 3 Profiles of the Trap Density

Man y wafers that we have investigated are nonuniformly doped with
buffer regions with doping orders of magnitude below the active layer. The

15
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situation during a “set ” pulse is shown in Fig. 6 , where the depletion layer
is at x during T~ . The trap level crosses the Fermi level at x - 

~
. so

that

x - k  Y 1
V + VBI = xN dx + xN ( l-6) dx , (1 6)

0 ~~~~~ J
where N = Nd + N T is the sum of the donor states plus the trap states and

N T = o r .

Now let the voltage change to VB so that the depletion layer jumps

out to X
B 

+ O x .  We will take account of the variation in N (x ) ,  but we will
assume that the fraction of trap states 6 remains constant. Then, before
the trap states have had a chance to empty, the total charge outside x~ -X
remains constant , so that

X
B

+
~

A X

VB - V
P 

= (q/E ) (1 6) xNdx ‘ 
V 

~~7)

xp

but after the traps have emptied and the depletion layer moves back to X
B~

X XB X B

VB -~ Vp = (q/E )  6 xNdx + xNdx

~~~~~~

XB 1
+ (1-6) xNdx . (18)

XB~~
X B

Substituting Eq. ( 17) into Eq. ( 18) yields

17
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i-;- (j - ) (VB~~Vp) * 

f 
xNdx

x 14

X B

+ 6 xNdx - 5 xNdx . ( 1 In

where the integrals are all taken over a small Interval  so th at  the function N
can he taken outside the Integral sign . The last two integrals then become

_ _  6 ~x 
~ 

- x~

whi ch can usually be neglected. Here q V,1. E — 1~~., where E.1, Is the

t rap  energy level and ~~~~~~~~~~~~~~~~ N eg lect ing  th e  last two dntegrals In
Eq. ( l~~ , It becomes

6 q N (X B
) 

2 (20)
~~ -V I;) [13 •

~~ 

+ ( A )  / 2]

Expressing x 11 and ~ in terms of and .~~ 
(‘

, and assuming
ts .-< 1 and A C << C gives

V 

~~q N (x  ) A 2

~~~ 

— 2 1
11 ~

Equa t L on (21 )  Is the basic equation for our profiling. In the case where
N , as well as 6 , Is essentially constan t between and x 1.3 , we can derive the
equation

19
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1

2 ( V +V ) A C
6 = 

CB [v B -v p-2~~~~~~(Vv B+v Bt - ~~V
P

+V BI )J (22)

which often proves to be useful , because A does not have to be determined.

If VB is large compared with VBI and V , Eq. (22 )  simplifies to

6 =  2 A C / C B ‘ 
( 23)

which corresponds to Laflg~ s? Eq. (3) . Elsewhere, 14 Lang has suggested an
empirical variation of Eq. (23 ) which is 50 percent larger.

V 
It should be noted that AC has been defined as the absolute magnitude

of the capacitance deviation at time zero , as indicated in Eq. ( 1) .  The DLTS
temperature sweep measures C(t 2 ) - C(t 1) as a function of temperature. For
any DLTS temperature sweep, the maximum value of C(t 2

) - C(t 1), which is
measured experimentally with the calibrated DLTS equipment , determines
AC from the equation

[C (t 2
) - C (t 1)J max = AC S = 0 .53 5 AC , (24)

where the numerical value is for the particular case where x = t 2 / t 1 = 5.

Strictly speaking, the time behavior of the capacitance decay is not
an exponential function of time , even when the trap occupancy function decays
exponentially . However , if Ax  in Fig. 3 is small compared to X

B 
- Xp in a

set pulse and if N T < < N D~ the function f (t )  in Eq. ( 1) is the same as the trap
occupancy function f (t )  in Eq. ( 14) .

2. 4 Design of the DLTS Equipment

The basic circuit for the capacitance measurement is shown in
Fig. 7. In this circuit , CD is the capacitance of the device to be measured ,

20
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and C is a comparison capacitance of a magnitude which reduces the phase
difference of the two branches of the circuit to a value near zero.

The circuit branch containing CD introduces a phase difference 9

between ~~~ and V0~~. The calculated values of 8 are shown in Fig. 8 for

blocking capacitance values of 1 and 10. The rf drive has a frequency of

50 MHz , which is large enough to allow response times on the order of
1 usec. The voltage change to the x-y recorder is proportional to

A 9 = 
~ 
CD/ CD when the diode undergoes a small capacitance change

from CD to CD + AC D. The values of 
~~~~
, expressed in the rad ians , were

also calculated and plotted in Fig. 8.

The outpu t of the phase detector is amplified and can be read through

two boxcar integrators with delay times t 1 and t2 , or it can be read directly

on an oscilloscope. V

The sensitivity of the circuitry was calibr ated by var ying the reverse

bias on a typical device , No. 930 , whose capacitance curve as a function of

bias , C(V) ,  was known . The output is introduced into the measuring arm

of the phase-sensitive detector shown in Fig. 7. Figure 9b shows the

alternating capacitance measured when a small alternating bias voltage ,

shown in Fig. 9a , was added to a fixed dc bias of 35 volts. A measurement

of the capacitance response to a step jump In the bias voltage is shown in
Fig. lOb . The amplified version of the trace , shown in Fig. lOc , shows a

fast response in the measured capacitance , with no noticeable transient

behavior .

Both the pulsed and step methods of calibr ation indicated a sensitivity

of 0.4 pf/ volt at the Input of the boxcar-integrator x-y-recorder combination .

A noise-limited sensitivity was measured at 0. 004 pf/ cm for small variations

about a device capacitance of 10 pf.

22
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Figure 8 Plot of 0, the Phase Change (In degrees) Induced by the Dev1ce
Capacitance C and the differentiar phase change (th rad!~ns)
caused by a fr~ctiona1 change ACDI CD in the device capacitance.
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3.0 DETECTION OF TRAPS IN N- AND P-GaAs GROWN ON CONDUCTING
SUBSTRATES

-~~ number of attempts were made to measure traps on GaAs epitaxy
++grown on ri conducting substrates. None of these samples had been de-

liberately contaminated with chemical impurities to produce trap states.
On the contrary, the material had been grown by techniques designed to
produce high-quality IMPATT diodes. In these experiments we looked at
material grown on Te-doped substrates. We suspected , and have verified
by the lack of detectable trap levels in most of these experiments , that
Te-doped GaA s is relatively free of undesired impurities. The semi-
insulating substrates used for FET material growth appear to contain higher
Impurity levels.

The measurements on Te-doped substrates provide added confidence
that the in t r ins ic  vapor growth process does not provide significan t densities
of traps. The most likely conditions for produ cing traps in VPE are when
sudden changes are made in the growth conditions such as occur when doping
rates are drastically increased so as to produce a Read spike . A level of
traps below the 1013 cm 3 level was , in fact , detected near the Read spike of
C-band diode No. 904 as described below . A much larger density of traps
was found in an fl +pp 4 wafer.

3. 1 The Concept of Secondary Dat a Points from DLTS Curves

Bulk traps are analyzed by assuming their decay period satisfies an
equation such as

= A (300/ T) 2 exp (Ena / kT) . (25)

From each temperature sweep in the DLTS method , one dat a point
is obtained , i. e . ,  the temperature at the peak of the curve corresponds to
a decay period Tm (t 2 -t 1)/i n (t 2 / t 1) ,  where t 1 and t2 are DLTS measure-
ment times. To determine A and Ena experimentally in Eq. (25) will require
at least two curves , and more if a least-squares fit is desired.

26
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Here we wan t to describe how a number of secondary data points can
be obtained from a single DLTS sweep if a base lin e can be determined , so
that  we can measure the temperatures at which the signal equals a times the
peak signal , where a’ is some number between 0 and 1. We now determine
mathemat ical ly  the value ~ ~ A at the point where the signal is proportional
to o times the maximum signal. This value of TA satisfies

~t 1/ TA - xt j / T kS(i-~ ) e - e = a S a ‘ 

—

1 x
l -xwhere S = x  - x •max

A solution to this equation can be found such that 
~A’ Tm is a function

of ~ and x = t 2 / t 1. The numerical values of these solutions are given in
Table II for x 2 . 5  and x = 5, two values of x that we have used In our
experiments.

TABLE II

H DECAY PERIODS FOR SECONDARY DATA POINTS

x~~~2.5  
- 

x 5
7 / -r  T / r

- A m  A rn

.25 10.1285. 10.7672 —

.50 4 .4270  4 .6690

.75 2 .4302 2 .5325

.9 1.6665 1.7147
V 

1.0 1.0 1.0
.9 . 64053 .61392
.75 .49254 .45538
.5 .35143 .30634

• .25 .24596 . 20003
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The successive values of a in Table II correspond to increasing
temperatures

3.2  Traps Near the Read Spike of a C-Band IMPATT Diode

As an example of the use of Table II , we consider the four DLTS
curves in Fig. 11 which were measured in diode No. 904 , a C-band Read
IMPATT diode grown on a Te-doped substrate. Curves 1 and 4 each have
s:x secondary data points marked on them for a = 0. 5 , 0. 75 , and 0. 9 ,
where each value occurs on both the high and low temperature side of the
peak . For example , in curve 1 the peak value occurs at 244 ° K where

= 199 nsec since x 5 and t 1 80 g~sec , so that the pair of values con-
stitute a principal DLTS data point. The first secondary point marked on
curve 1, f or a = 0 .5 , occurs at T = 222 °K where , from Table II ,

199 usec x 4. 669 928 ~ sec. In this manner , from the points marked
on curves 1 and 4 . obtain 12 secondary data points and 4 primary data
points from the peaks of the two curves. These points are listed in Table III
and are marked on the lower curve in Fig. 12 (except for the two highest
temperature secondary points on curve 4 , which fall below the bottom of the
Fig. 1). A least-squares fit to these 16 points , assuming 7 satisfies the
usual exponential equation (E q. ( 15), gave the str aight line in Fig. 12, with

E 0. 34 eV

and 
. (26)

A = l . 2 x l O ~~~

where the root mean square error in this fit was 10 percent. The secondary
points in Fig. 12 appear to be as accurate as the primary points , ~ud they
extend the range of our measurements considerably. The value of A corres-
ponds to a cross section 

~ na ‘~ >< ~~~~~ cm2 . These values for Ena and
G na are reasonably close to two electron traps reported in the literature:
one at 0. 30 eV with a cross section of 7 .2  x io~~ cm 2 is labeled ELT in

28
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Figure 12 The Lower Curve is Obtained by a Least-Squares Fit to
the DLTS Signatures in Fig. 11. The four primary dat a
points and twelve secondar y points in Table III were used.
The upper straigh t line, corresponding to a hole trap in
p material , was obtained by a least-squares fit to 40 dat a
points , either primary or secondary data points obtained
from the curves in Fig. 14. Several points used in the
least-squares fit fell below the bottom of the graph , such
as a primary data point for the hole trap which corres-
ponded to T 3 18°K and 7 = 6.6 Ms.
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Ref. 8 , while the other , with an activat ion energy of 0 .36 eV and a cross
section of 5.9 x 1o 13 cm2 , is labeled T 1 by Wada , et al. 15

TABLE III -

DATA POINTS FOR ELEcrRoN TRA P IN C-BAND DIODE

Primary
Temperature Decay Curve Percent Data

°K Period (as) No. Error ” Point

293 7 .6  4 -12
287 11.3 4 - 8
281 15. 3 4 - 9

H 274 25 4 -.2  Yes
264 43 4 - 6
258 63 4 - ‘7
248 116 4 -15
263 61 1 19
257 91 1 16
252 122 1 18 - —

244 199 1 8 Yes
237 341 1 4
231 504 1 - 4

222 928 1 -20
254 99 - 2 7 Yes
263 50 3 - 2  Yes

Relative to least-squares analytical formula.

For the curves in Fig. 10 , the set pulse had VB = 20 and V~, = 10 ,

which results in moving the depletion region over the Read spike and into
the drift region. At the point XBI the shallow donor density Is
2 x 1015 cm 3. The trap density indicated by Fig. I I  is only 7 X 10 12 cm 3 ,
which is low enough so that It should not affect the performance of the diode.

H 
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3, 3 Traps in an fl +pp+ I) iod e

F~ w experiments have been carried out on p-GaAs except those of
Hasegawa and Maje rfeld 16 , who measured slow decay periods on the order
of seconds , while we have measured periods as short as ten microseconds.
In our experiments , large trappin g densities were detected in art n~ pp~ diode.
This diode had the n~ contact deposited on the p-GaAs by silicon ion implant a-
tion at two dif ferent  energies; implantation at 200 keV produced a surface
density of 8 x io I3  cm 2 , while an additional surface density of 1.3 x lO 14 cm 2

was implanted at 400 keV. If these impurities are due to diffusion out of the

p~ substrate , it i l lustrates the wisdom of growing double-drift  diodes on n~

substrates.

Figure 13 show s C and C 2 as a function of bias voltage as measured
experimentall y trom the n pp device , which consists of four 10-mu mesas ,
so that  the effective area is 2 x 10~~ cm 2 . The steady-state acceptor dopin g
as a function of distance from the jun ct ion was calculated , as shown in the
insert. A selection of the numerical  data printed out by the computer program
profile is shown in Table IV , including Q, the total space charge per unit
area uncovered by the depletion zone for a reverse bias VB. With the aid of
this data , we know the steady-state capacitance CB and xB , the depth to which
we are probing for an applied reverse bias V 13.

TABLE IV

STEADY STATE DE STRIBI J’FI ONS IN THE N~~PP~ DIODE

yr3 CB x fl 
1
~A

(volts) (urn ) (cm ’ ) (C/ cm )

0 16.8 1.33 l.8x 10 15 -1.5 \c1 0 8

1.05 13.6 1.65 1. 4 x io 15 -2 . 3  x io~~
4.0 1 10. 1 2 .2 1  2 .1  x 10 15 -4.0 x io _8

20. 4 6.4 3. 52 4 . 2  x 10 15 -1. O x  t o~~
51.5 5.2 4 .35  1.1 x io 16 -1.9 x
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Nine DLTS curves are shown in Fig. 14. Since x 2. 5 , the re-

laxation periods are 7 =  1.637 t 1, so that the curve peaking at 3 18°K indicates
a relaxation time of 6. 6 psec at that tempt~rature . Based on the compilation

in Ref. 8 , we cannot find any other investigators whose transient  capacitance

measurements include relaxation times shorter than 100 usec , 8 and only Lang

has consistently measured relaxation times shorter than I ins . Our second-

ary data points include times even faster than the relaxation times at the

peaks of the DLTS sweeps.

The DLTS data for the hole trap was least-squares fit using 40 dat a
points to obtain the result

E = 0 .4 5 e Vpa (27 )

°pa = 1 . 4 X l O ’4 cm 2

using the notation of Mitonneau et al.

These DLTS data included 17 primary data points , 16 secon dary data

points from Fig. 14 , and 7 from an unshown experimental curve. The upper
straight line in Fig. 12 shows the closeness of the fit for the hole trap which
has an rms error of 13 percent. The rms error was even smaller (9 percent)

if only the 17 primary points were used. The additional error is due to un-
avoidable inaccuracy in determining a base line for measuring a. It is clear

that this error Is largest in measuring the points close to the base line , where

a’ is smallest. For example , one of these points had a large error of 37 per-

cent. Therefore , we eliminated six external points and made the least-

squares fit tc 34 points 1 which reduced the rms error to 8. 5 percent. How-

ever , both the 40-point and the 34-point fit gave Epa as 0. 4 52 , while only two

figures can be considered significan t due to systematic error. The consistency

of this fi t t ing is impressive when one considers that a one-degree error in

measuring the temperature at the peak of a DLTS curve produces about an
8 percent error in relaxation time. It may also be noted that the tempera-

ture scale at the bottom of Fig. 14 is nonlinear below 280° K due to the thermo-

couple response into the x-y recorder.
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Hasegama and Majerfeld detected a hole trap in p material which had
an activation energy 0. 44 eV above the valence band. However , this must be
a different trap because its cross section is only 5 x io _ 18 

cm 2 , which is
almost four orders of magnitude smaller than ours. In fact , our trap appears
to be identical with the trap labeled HT1 by Mitonneau et al. ~~~

, which was
detected as a minority carrier trap in n-GaAs and which has Epa = 0. 44 eV
ari d a = 1. 2 x ~~~~~ cm2 . This trap is considered to be identical with the
traps labeled HB4 and HL4. HB4 was obtained by Lang and Logan from
LPE intentionally doped with copper, while HL4 was detected in copper-

diffused BPE. HT1 was also identified with a copper-produced acceptor
level. 17 Therefore , it appear s that our p-GaAs may have been contaminated
with copper also , possibly from the substrate. -

The trap HT 1 was originally observed by Sakai and Ikoma 1’7 at low
temperatures with relaxation times as long as 300 seconds. Since we have
observed the hole trap with relaxation times less than 10 usec , the exponential
behavior of T with temperature is satisfied over more than 7 orders of mag-
nitude

The density of tr ap states is determined by app lying either Eq. . (21)

or Eq. (22 ) to DLTS curves for which the signal amplitude has been cali-
brated in units of capacitance. For example , the amplitude of curve 4 in
Fig. 15 is 0. 18 pf , which corresponds to a AC of 0. 34 pf since Smax = 0. 535.

All the curves in Fig. 15 have VB 20 volt s , which gives a steady-
state capacitance CB = 6. 4 pf and a depletion depth equal to 3. 5 pnsec. We
used Eq. (22 ) ,  which requ ires knowing VT = 0.45V , from the measured trap
activation energy. The depletion layer is pulsed back to different voltages

V~, for 10 usec, giving the depletion layer thickness x~ . The calculated values
of the trap density are indicated in Table V , which uses curves 1-4 from
Fig. 15 and curves 5-8 from addition al experimental curves not shown here.
According to the derivation in Sec. 2 , the values of 

~~T’ N D are some average
value between x and x . The results indicate that N is a roughly constant
fraction of the acceptor doping varying from about 8 x 10 cm to about
4 x io l4 as the depth changes from 3. 3 to 2. 2 unsec. 

V
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TABLE V

DETERMINATION OF TRAP DENSITY

Curve AC N D (x p ) N T / N D

1 15 3.3 .17 3.1 x 10 15 .26
2 12 3.0 .24 3 .6 .24
3 10 2 .9  .29  3 .2  .23
4 7.5 2 .7  .34 2 .3  .22
5 5 2.4  .37 2.1 .21
6 4 2 . 2  .39 2 .1 .20
7 2 .5  2 .0  .58 1.8 .28 F

8 0 1.4 .62 1.7 . 2 7

The trap densities in the p-GaAs, which was grown on a p+ substrate,
were very high , well above io 14 cm 3. In other tests no traps at all were
detected on a double-drift diode No. 935 , which indicates that the time den-
sities are below io 13 cm~

3.

The double-drift wafer is grown by first using a silicon doping to grow
n-material on an n~ Te-doped substitute and then changing the doping to zinc
to produce p-GaAs beyond the junction . Thus , the p-GaAs in a double-drift
diode is protected from outdiffusing impurities from the substrate. The
most likely place for trap defects appear s to be in the neighborhood of the
junction where the doping rates changed rapidly during growth. Unfortunat ely ,
trap states located within the zero bias depletion layer would not have their
occupancy changed by our “set” pulse DLTS techniques. We have therefore
only shown that the density of trap states is low outside this region near
the junction .
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4.0 DETECTION OF BULK AND SURFACE TRAPS ON LOW-DOPED

FET ‘TEST” WAFERS

During these experiments we detected a new type of DLTS signature
which is qualitatively different  from the signatures that have been detected
for bulk traps . We will refer to these traps as surface traps because their
behavior is consistent with the concept of surface traps in all of the charac- - 

V

terist ics which have been observed. Surface traps are particularly important
for FET ’ s because they are thin-layered devices in which the important in-
teraction s take place close to the surface.

4. 1 Description of Fat FET’ s and Test Wafers

DLTS measurements on FET wafers are taken by mean s of special
structures called fat FET’ s shown in Fig. 16.

* Dur ing the measuremen ts , the sour ce and the gate are grounded.
For a semi-insulating substrate these contacts take the sam e role as a
back contact would play for capacitance measurements on a diode grown on
a conducting substrate. The gate length has been increased from about 1 g.zm
to 10 mils , which increases the capacitance to a value which can be conveniently
measured . In addition , the large gate area minimizes the importance of sur-
face charge which may exist between the gate and drain in comparison to the
importance of surface states which may occur on the interface directly below
the gate metallization .

Normal FET structures have an active layer doping of ND ~ 1017 cm 3.
As can be seen from Eq. ( 2 2 ) ,  the transient capacitance is proportion al to
N T! ~~~ making it difficult to detect a given trap density . Therefore,
special test wafers were made up with N D 2 x io 15 cm 3 an d h 4 u r n ,
which will be described in this section. Measurements made directly on
normal FET wafers with active layers h ~ 0.3 urn and N D ~ io 17 cm 3

will be described in the next section.
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STRUCTURE OF A FAT FET
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~
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BUFFER LAYER 5xId3 cr~r~ 
4~~m

Figure 16 Structure of a Fat FET. The top view shows the dimensions
of source gate and drain contacts . The side view shows a
buffer layer between the semi-Insulating substrate and the
active layer.
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• Tw . of the low-doped test structures were investigated . Wafer
No. 72507 , whose profile as calculated from C(V ) data taken on the fat FET V

• is given in Table VI , had an active layer with h = 3. 9u m  and an active layer
doping of abou t 1.8 x 10 15. A second fat FET was made from Wafer No.
72506 , which had a similar doping profile but also had carbon-backing on
the substrate during the growth process. We had reason to think that this
migh t reduce the impurities in the epitaxial layers , since acceptor out-
diffusion from the substrate or into the vapor stream had been shown to
reduce mobility and even to change the n buffer layer near the substrate
into p-material . It had been shown that growing epitaxial films on substrates
with their backs covered by 200 A of evaporated carbon had increased the
mobility by as much as 50 percent. However , although both bulk arid surface
traps were detected on the two test structures , their intensities were similar ,
so that the carbon -backing technique was not very effective in reducing the
measured trap levels , althou gh it may produce more uniform dopin g levels
in the buffer.

TABLE Vi

(Wafer #72507 )

V C Q w ND 
V

volts pf C/ cm 2 x io .8 
urn 1/cm 3 x 1015

0 24.5 2.5 .58

1 16.2 4 .0  - .88 2 .3

2 11.8 5.1 1.2 2.0

4 8.65 6.7 1.7 1.9

10 5.44 9 .8  2 .6  2 .2

15 4 .22  11.6 3.4 1.5

18 3.55 12.5 4.0 .54

• 20 2.85 13.1 5.0 .18

21.5 2.08 13.4 6.9 .05

A value of 2. 2 pf was subtracted from the capacitance measured on the
device to account for parallel parasitic capacitance . The gate area of
the fat FET was 200 mfl. 2 
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4. 2 DLTS Signatures from Surface and Bulk Traps Measured on
the Test Wafers

The first measurements , t aken on fat FET No . 19 from wafer No.

72507 , produced the five curves shown in Fig. 17 , which are perfect examples

of a bulk trap signature. In fact , a least-squares fit to the five curves gave
an rms error of only 0. 7 percent (an agreement which must be partly for-
tuitous since it is more accur ate than our measurement) . This least-squares
fit gave an activation energy Ena = 0. 85 eV and a cross section of
1.6 x ~~~~ cm 2 . These parameters are similar to those of trap ET 1 in
Ref. 8 , which were 0.85 eV and 6. 5 x ~~~~~ cm2 . Our curves cover a range
of relaxation times from 400 to 6500 j t see , while Sakai and Ikoma 17 measured
ETI over a range from 2 to 1000 sec. This trap level is often identified with
oxygen contamination8 substituting for an arsenic site.

These measurements were taken with the pulse length T~ = 10 usec.
The voltages were ~~ = 0 and VB = 4 , which , according to Table VI , corres -
ponds to the depletion edge sweeping out from 0 .6 to 1.7 urn .

The next measurements were taken with T~ = 100 usec , V~ = 0 , and

VB 20 V , so th at the depletion layer swept out into the buffe r layer where
x 5 urn and the dopin g level has dropped to 1. 8 x io 14 cm 3. These ex-
-periments produced the nine curves in Fig. 18 , which not only exhibit the
positive peaks due to the bulk trap at 0. 85 eV but also show negative
peaks at lower temperatures , which we shall associate with surface traps .

The next experiment was designed to demonstrate that a long pulse-
back time T~ is required in order to detect surface states. The re sults in
Fig . 19 were obtained by superimposing DLTS sweeps with T~ varying from

10 u sec to 200 usec , while ( = (t 2 
- t 1)/ ..~ n t2 / t 1) was about 50 usec.

There is no apparent change in the amplitude of the bulk trap signal as we
expect from theory since the bulk traps should be filled in a short time
( 1/nc ~) after the free carriers sweep into the zero bias depletion edge. V

However , little or no surface trap signature can be detected for T~~= 10 usec: 
V

V - 

42 

-



.4 

-V 

~~~~~~~~~~~~~~~~~~~~~ 

V

~~~~~~

-V , -. -

~~~~~~~~~ 

V- V 
~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~

- -V-~~~~~~~-~~~~~~~~~~~~~~~~~~~~~
-V

PSN-77-680

FAT ~ET #19
V8:4V , V~:O

T~: lOO~us Cj IO.9pf
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~

5

Curve t ,(1U.S TPEAK1
160 ~~~~

2 320 437.7

_____________ 
3 640 425.4

0,,~~ i56~~i0~~ 
4 1300 414.0 -

~E: 85 eV 5 2600 402.8
RMS Error 7%

i ‘ ,7 i
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~~ 390 400 410 420 430
Tempera’ure(°K)

Figu re 17 DLTS Curves for an Electron Bulk Trap at 0.85 eV , which ha s
been observed by other Investigators . Curves 4 and 5 are mea-
sured relative to the right-hand temperature scale which has
lower temperatures than the left-hand scale which Is drawn
relative to curves 1-3.
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Figure 18 DLTS Curves for Values of the Boxcar Times t1 Ranging from
5 to 1300 ps . A positive peak corresponding to the oxygen bulk
trap appears at the high temperature end of curves 3-9. Nega-
tive peaks , which we associate with surface states , appear at
lower temperatures and can be distinguished on the first six
curves.
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I had to in c i ’oaso to more t han 50 z see Iu ’fui -e th e signal  appr oached i t s

m ax i m u m  vn iuo .  lfl th e  e~~p or imen t  of Fig. 17 , l 10 u see an d t h e  sm al les t

value of T w~~s 398 ~ se. - b r  curve No .  I
lit

N ow ‘.Ve a re  in a posit ion to eons ider the I r ansi out capa ci tan ce  he —

hay ior which  is imp lied 1w these t -esu it s. F Igu t-e 20 shows I he i’t t e  et s of a

set pulse ( in  I .ang ’ a t e rmino log y ,  ‘ a mn~or i ty  -ar r l er  puI ~ o) in wh i ch

~ V and ot a r everse  pulse in w h i c h  ‘~ ~ For a hulk t r a p , t raps

in th e  dep let ion  ~‘.one are  e m i t t i n g  ole otron s imme dia t e ly  a f t  or a set pu ISO
so t h a t  t he  eap ac it  an ee in t -r east’s g r a d u a l ly  towat ’ds  an eq u i l i b r i u m  value

and C (t .-, ) — ( ‘(t  ) produces a po si t  i Vt ’  s ignal.  For a ro~’t ’rse pulse , t h e

hulk t r a p would produce a nu l l  e ~p e t - im e n t  since the  t raps  f i l l  almost
immed ia t e ly  - The neg at iv e  peaks in th e  sur face  signa tu re  must  m ean tha t
ho ( -apa ci t  ant -e  IS IIO -r ens ing a f t e r  a set pulse as i tid I eat od in th e  f igure .

a re la t ive l y long pulse length is roqu i red to produce a sur face  sig-

n a t u r e , the capnci t  an co must  be slowly inc reas ing  dur ing  th e  set pulse as

shown in t h e  fi gu L ’O . Since th is  is t r u e , it mtts t a iso be I r u e  t h a t  the  ca —

paci tan ce if lcr oases a ft e r  a r everse  pulse so tha t  a pos i t ive  s ignal  u t-e would
hi’ produ cod by a ro ~-o i- so pulse

A ser ies  of nin e curves produced 1w a reverse  pulse w i t h  V~ 0 and
= 20 is shown In Fig. 2 1.  As suggested by FIg. 20 , the capaci tance

change is pos i t i ve .  The sensi t iv i ty  scale in Fig. 21 shows a magnitude of ~
comparable to  th e ampl i tude  in the  s ignatur es  in Fig.  lii due to sot pulses
This is a s t rong  s i g na l  considering t h a t  the depletion lay er  for V 11 is n ow in

th e a c t i v e  layer whor e  the dop ing d en s i ty  is flfl order of magn i tude  la rger
th an the doping level  Invo lv ed In Fi g. I H

.\ plot of -r (T/ 300) 2 ve r su s  1 0~ / ‘U can he d rawn  t’or both th e set pulse 
V

in Vi g. I H and the  r ove r  so pu iso i t t  FIg. 2 1 . with  t h e  ci’ s u i t s  shown in Fig .  22.

Fbi ’ peaks in Fig. 1 8 produced th e s t r a i g h t  lint ’ at t he  top of Fig. 22 , which  is

due to emission from the  same bulk t r a p  dot ect ed  by mean s of the curves in
1-1g. 1 7. The ne gnt i ’ .-o peaks from the curves in Fig. 18 give th e  s i t -n i g h t  l ine

46

- - - -  - -



~ 
-- ~~~~~~~~~~~~~~~~~~ _-V•

~~
’-V,—_I,. 

~~.. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~
-‘

~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ‘-. 
- -

PBN-78-94

V 

V 
SET PULSE 

- 

REVERSE PULSE

c ~2

o - 

V 
::~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

V 

::
~~~~~~~~~~~~~~~~~~~~~~~~~~~~

r t

::~~~~~~~~~~~~~~~~~~~~~~ 

V ::~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

‘

SIGNATURE :C(t 2)~ C ( t 1 )

Figure 20 Schematic Diagram of the Transient Capacitance Produced by a
bulk trap and by a surface signature when two types of pulses
are applied to a Schottky barrier. The bulk trap produces a
~ositlve DLTS peak for a “ set ” pulse and no signature for a
‘reverse” pulse. The surface signatures produce negative

peaks for a “ set ” pulse and positive peaks for a “ reverse ”
pulse. The DLTS boxcar times are t and t 2 .
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Figure 21 DLTS Curves From Surface States for a Reverse Pulse with
VB 0 and V

P 
= 20 when the puls e length T~ Is 100 ps.
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Figure 22 Plots of (T/ 300) 2 -r versus 1000/ T. The upper straight
line is a least squares fit for a bulk electron trap . The
lower straight line with Ena = 0. 72 eV is due to capture
of electron s by surface states after the set pulses in
Fig. 18. The dashed curve connects points calculated
from the reverse pulse data In Fig. 21 whi ch are caused
by emission from surface traps .

49

- -



— -V-V~~~~~~~~~ -V~ ~
_

~VV_V.W VV ~~~~~~~~~ ,~~~~~~ ~ 
V_VV ~ _ V V~~ - V_-V•~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~ 
- V

with E = 0. 72 eV. In our model of surface states , the response to a setna
pulse will be identified with the capture of electrons by surface traps which con-
trasts with the emission of electrons from bulk traps after this pulse. In
addition to the solid circles measured with x = 5 from the curves in Fig. 18 ,
the measurements were repeated with the open circles from an unshown
set of curves with x = 2. The fastest measurement , which is not shown
since it fell below the 10 ~ sec baseline in Fi g. 22 , was made with t1 = 2 usec
which gave our fastest measured decay time = t

1 (x-1)/i nx = 2. 9~~sec.

The dashed curve in Fig. 22 connects measured points from Fig. 21 ,
i. e. , from the reverse pulse , which we will identify with emission from the
surface traps.  The decay times for these emission measurements are
approximately five times larger than the capture times , for 1000/ T greater

- 
- 

than 2. 6. With this information we are finally able to understan d why surface
signatures did not appear in the curves where t 1 was extremely long. The
first curve in Fig. 18 had its negative peak at 402°K with a decay time of 60 .zsec ,
which is less than the set pulse time , T = 100 Msec. Thus there was time to
empty most of the trap states during the pulse. In contrast , curve six has a
negative peak at 350°K where the emission time is 1500 usec , so that few traps
are emptied during T~ = 100 usec , and the amplitude is therefore very small.
In the remaining curves , t 1 is so long that the negative peaks would appear at
still lower temperatures and no signal can be detected from these traps.

A similar explanation explains the decrease in amplitude for the re-
verse pulse in Fig. 21. Here curve nine peaks at 341°K , where the capture
curve in Fig. 22 indicates a decay time of 700 usec, which is too long to fill
the traps within the pulse time of 100 usec. However , curve three peaks at
405°K , and at this temperature Fig. 22 gives a capture time of 12 ~ sec . so
that 100 ~ sec is more than enough time to fill the traps completely.

Another experiment with the same diode was taken using set pulse
In which VB = 21.5 V , but V~ took on the values 0 , 5, 10 , 15 and 20 volts.
The curves , recorded with t

1 = 40 ~sec and t2 = 200 us ec , ar e shown in
Fig. 23.
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The positive peaks correspond to the bulk trap at 0. 85 eV , and can
be used in the usual way to obtain trap densities. We use Eq. (21) since the
doping density changes rapidly and VB corresponds to a poin t deep in the

- 
- 

buffe r layer where ND = 5 x io 13 , according to Table VI. Using the values
A = 200 square mils , x~ = 6 .9 urn , and CB 2.1 pf , we obtain the trap
densities shown in Table VII.

H 
- 

TABLE VII

DENSITIES OF THE BU LK TRAP AT 0.85 eV

NV
P 

x 
N / N  -3V (volts) (pm) (~~ T D (cm )

0 .6  1.25 . 10 2 x io 14

5 1.9 1.07 .11 2 x 1014

-
~~ 10 2.6 .80 .11 2 x 10 14

15 3.4 .54 .14 2 x 1 0 14

H 20 5.0 .15 .16 2 x 10 13

The negative peaks in the curves in Fig. 23 correspond to surface
states. Their amplitudes decrease as ~~ approaches VB. as one would
expect. An important experimental findin g is that the negative peaks occur
at increasing temperatures as V~, increases, which indicates that the re-
laxation times are becoming longer as increases. This effect is not due
to competition with the bulk trap because numerical calculations showed that
the amplitude of the bulk trap is redu ced to only 3. 4 percen t cf its peak value
at 400 °K , and to only 0.8 percent of its peak value at 380°K. Therefore ,

this measurement appear s to indicate that the surface states have a
continuum of energy levels and relaxation times , and the states with the
slower decay rates are excited preferentially by the higher values of Vi,.

Wafer No. 72506 , which was similar to the first  wafe r except that
It was grown with a carbon-backed substitute , was also measured to the

0 ‘

DLTS equipment. It had been hoped that the 200 A carbon hacking would

52



V ~~~~~~~~~~~~ -— -VVV VV • V-VV-V 4V - ~~~~~ •V_ -V-V~~ V- VV~-V~V V- V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-V.———- - -

~~~~~

reduce the density of trap states but the measurements did indicate that there
was little difference between the two wafers. Exact comparisons are difficult
because both surface and bulk signatures are both much bigger when the de—
pletion layer ed ge is at a low doping density and small changes in the C(V)
curve can lead to an error in the calculated density in the low-doped buffer
region. The relaxation times for both bulk and surface traps were nearly
the same for both wafers , as indicated in Fig. 24.

4. 3 Relationship of Anomalous Signatures to Surface States

In principle , the transient capacitance could be affected either by
charge states at the interface under the gate or by mobile charge between
gate and drain. It-i fact , the c’

~ V Vlr ge between gate and drain is undoubtedly
important in operating FET’ s, but , for fat FET’ s, the gate length has been
increased from I ~ m to 10 mils, so that the 5 ~ m between gate—and-source
or gate-and-drain is much less important , as can be seen from Fig. 16.
If we assume that the maximum likely effect of mobile surface charge on a
capacitance measurement is to increase the effective gate length by 5M m ,
then ~~C would not exceed about two percent of CB. In fact , the surface
effects increase CE in Fig. 18 by about 14 percent. It is true that this
large percentage change i -

~~ a consequen ce of the depletion layer ending in
the low-doped buffer zone where CB is sensitive to small changes. How-
ever , this fact and our observation that t~C is smaller when the depletion
layer corresponding to VB ends in a high-doped region suggest that the
transient capacitance cannot be due to an effective in crease in the gate area
due to surface charges between the gate and the source-drain electrodes.
Therefore we will consider whether surface states at the interface between
the gate and the bulk GaAs can cause our transient capacitance.

A preliminary model is suggested by Fig. 25 , where the dashed V

curve In Fig. 25a indicates schematically the density of surface states
D(E) and the darkened area indicates that these states are filled up to Fermi
level of the metal. If f is the Fermi occupation function , the negative surface
charge for n-GaAs is
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FIgure 24 A Comparison of the Relaxation Times for Surface and
Bulk Traps for the Test Wafer without a Carbon-Backed
Substrat e , No. 72507, and a Similar Carbon-Backed
Wafer No. 72506. The upper bulk signature corres-
ponds to the bulk trap at 0. 85 eV which Is associated
with oxygen . Points were taken over a more limited
range for the latter wafer which explains the sligh t
difference in slope for the bulk trap.

54
— - - - - - V - r nV —-V —

~~~~~~~~
- - - - -~~~~~~~--V~~~~~~-~~~~~~~~~~ -- - -~~~~~~~—- - - - V - V



V V ~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~ ~V~••V_~ V _-VV- V•V7_~ _7
~

-V 
~~~~~~~~~~~~~~~~~~~~ ~~~. ~~~~~~~~~

PBP4-77-627

sity of
• 

e:~~~~~ e .
B 

V

Reverse Bias V8 Copaci!once
dunng capacitance 0 ~~~~~~ ~~~~~

— — —r — — — 

-V8 

._T~ 

~‘L~
__________ 

~ 
L__ ~ _ _

-

~~~

U

- 
0

Time

C d

Figure 25 Energy Bands for Schottky Barriers with a Large Density of
Surface States. (a) The zero bias equilibrium state has the
Fermi level pinned by the high density of surface states so
that the built-in potential Is about . 85V regardless of the
barrier metal; (b) the equilibrium state for a reverse bias ,
VB, has more surface states filled with electrons; (c) approxi -

• mate conditions Immediately after a jump from 0 to VB while
surface states are still being filled; (d) capacitance response to
the situation in (c) showing the asymptotic approach to 

- equilibrium. V

- 55

--V ~~~ V - ---V-V- -V



V V - V ~- V-V - V~-V-VV_ —V - -V—V- V 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . V~~~~~VVV~~~

_
~~ V ~-V~V _  ~~~~~ V VV V y -V - -V -r - V — - (V~-V 

- - - - - - - V

= -e 
S

1) (E ) f (E ) dE  . (28 )

\\rhefl a reverse bias is applied , the negative charge Q~~ must in -rease SO

t hat + Q~~~ . - 0 , where is the space charge in the deplet ion layer.
However , since GaA s has a large density D (E),  the energy difference E c - E f
is essentially pinned to a value of about 0.85 eV and Fig. 25b shows E~~. the
bottom of the conduction band moving only a small amount A relative to the
metal Fermi level.

Our experimental results indic~ ce that , when the reverse bias increases
from 0 to VE suddenly, the capacitance decreases from C~, to CB + AC
in a time short compared with our measuring time and then decreases slowly
as AC decays over times on the order of 100 psec. This suggests that there
is an intermediat e state like that in Fig. 25c where most of the surface states
have been filled to the level required by the new reverse bias VB. but a small
fraction of additional states remain to be filled more slowly. In the last stages

4 of approaching equilibrium , the depletion layer will slowly be moving out an
additional distance Ax as the last surfa ce states are filled. This will produce
the capacitance transient pictured in Fig. 25d , which registers as a negative

H peak , C(t 2 ) - (C(t 1), in our DLTS system .

Th is model requ ires some further fleshin g out , including a comparison

with a more complete theory of the surface state 1 12 pinning which will be

discussed in Sec. 6. However , the model already suggests that a continuum

of surface states D(E) may cause a continuum of relaxation times. The

variation in relaxation times with voltages V~ 1 which appeared in the mea-

surements of Fig. 23 , may be a result of filling D(E) to different energy

levels . Since in creases as the square root of the doping level N D, an

increase in dopin g level would require more states to be filled to give a

lar ger negative charge Q~~ and therefore a larger signal. A short pulse

time T~ might cause certain traps to be filled preferentially. Similarly,

since the surface state density changes with the type of metal in the

Schottky barrier , different transients and relaxation times may occur
with different gate metallizatlons.

56

-V - - - V - V - V -~~~~~- - - V . - - — - —  - - - - -



:~~~~V y V ~~~~~~ V~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -VVT~~
V
~

V•-V
~~- V- V- V- V- V- V’ -V’V -VV- V-V -

~~~ 
-V

5.0 DETECTION OF SURFACE TRAPS IN NO RMAL FET WAFERS

When DLTS measurements were applied to fat FET ’ s on normal FET
wafers with an active layer doping around 10 17 cm 3 , the bulk traps were diffi-
cult to detect because of the small ra tio of trap density to doping density .
However , surface traps were detected , as is indicated dramatically by the
oscilloscope traces In Figs. 26 and 27 , from measurements on the bu ffered
wafer No. 82137.

In these pictures , the voltages are kept at 3 V for varying periods of
times and then pulsed to 2 V with a switching time of less than 1 usec. The
capacitance transients are consistent with the schematic diagram in Fig. 20 .
The transients are noticeably slower when the voltage is switched from 3 to
2 V than they are when the voltage switches from 2 V to 3 V , as might be
anticipated considering Fig. 22.

The upper pictures in Fig. 26 illustrate th at 5p sec is too short a time
to allow the capacitance to reach its stead y state value of 11.25 pfs , although
the capture rate of bulk traps is so fast that the capture would appear instan —

taneous on these time scales. Therefore these traces are due to surface traps .
In the pictures , the switching of the voltage from 2 to 3 V is not instantaneous
but requires a fraction of a microsecond. (Both capacitance and voltage traces
move downward as their values increase in these pictures.)

After the voltage switches to 3 V , the capacitance decays until it
reaches its steady stat e value. Again , this is different from the behavior of
a bulk trap wh ich would cause the capacitance to overshoot its stead y state
value to some value less than 9. 9 pfs and then slowly increase back to the
stead y state value as the trapped electrons within the depletion layer are
released.

The remainder of the pictures in Figs. 26 and 27 show the results
of increasing ~~~ the length of the set pulse , from 5 usec to 50 usec to
500 usec to 3 nsec , while simultaneously increasing the scale of the time
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t r a c c  on the oscilloscope. A visual t ’st t mn te  suggests that the e-folding
t ime of the t r ansient  is abou t 50 usec after  switching to 2 V and about
30 u scc for ~i 3V bias .

5. 1 Measurements  on a I3uffered Fat FET

~-\ ser ies of DLTS measurements  were made on fat  FET No . 12 ,
fabr i cated  from wafer No. 72449. The fat  VET was similar to the sketch
in Fig. 16 and had a gate area of 200 square mils , an active layer doping

17 - ‘3of N 1) ~ 1 .1  \ 10 cm * 
, a thickness h 0 .2 9 gm , and a buffer layer

thickness of 3 .85~~m. The doping level as a function of x and V , as calcu-
lat ed f rom th e  ( ‘(V) plot measured d ire ct ly  on the device , is shown in
rabli ’ VIII , al ong with the total space charge per unit  area as a funct ion of

• depth .

I ’AHLE VII I

~iV afe r # 724-1~) )

V C Q D

volts 
-— 

pf C/ cm 2 x io~~ 

—

~~~~~ ~~m 1/ cm 3 X io~~ 1
0 137 15.0 .10 1.1

.2 123 17. 1 - .12 1.1

.4 114 18.9 .13 1.2

1.0 94 .3  23 .7 .15 1.2

1 ‘~2.0 76.~ 30.3 .

3.0 (3~~.9 35.8 .22 1.0

4 . 0  57.4 40 .5  .2~ .82

5.0 18.1 4 4 . 6  _ _ ~~~30 .33
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The DLTS curves in Fig. 28 show temperature sweeps with negative
peaks for the four boxcar times t 1 = 10 , 20 , 40 , and 80 usec , with x = 5.
Since T~ was only 80 usec , the signal amplitude becomes smaller as t 1 is
in creased , as would be expected if the filling time is longer than t 1 at the
temperature corresponding to the negative peak .

As with the test wafers discussed in Sec. 4 , we use a reverse pulse
to check the emission times for the surface states. The results show the
strong signatures in Fig. 29 with the positive peaks that are typical of the
surface state response to a reverse pulse. The emission times and capture
times are both plotted in Fig. 30. The capture times fall along a single
straight line in the same way that bulk traps do , but the emission times
appear to satisf y a different relationship. The emission times , as they were
obtained from the curves of Fig. 29 , are listed in Table IX along with the
temperature of the peaks of the curves.

TABLE IX

EMISSION TIMES FROM THE REVERS E PULSE -

Curve T , °K 
T , ~ sec (TL 300) 2 T , ~ sec

1 295 50 48
2 283 99 89
3 272 199 163
4 257 398 292
5 235 795 489
6 213 1590 800

Figure 31 shows a temperature sweep for t 1:t 2 10:50 ~ sec over the
entire temperature range from 90° to 475° K , covering most of the range
between liquid nitrogen temperature to the temperature at which the solder
on the device begins to melt. The valley at 308°K Is the surface signature
discussed above. In addition , there appears to be a slow surface trap which
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Figure 30 Relaxation Times from Set Pulses (Capture Rates) and Reverse
pulses (emission rates) for the surface states detected on fat
FET No. 12. The capture times fall along a straight line in
the same way as for bulk traps . The emission times fall along
a curve , although they could be represented fairly well by two
straight lines , through the 3 high temperature a rid 3 low tem-
perature points .
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produces a valley at 476 °K and a fast surface trap producing the minimum 
V

• at 103° K. Using other DLTS data , the peak at 122 °K appears to be a bulk
electron trap 0.12 eV below the condu ction ban d , with °na = 1 1  x l 0~~

5.
To our knowledge , none of the surface state traps have been reported pre-

— viously by experimenters measuring DLTS signals from Schottky barriers ,
prob ably because they used values of T~ less than the boxcar times , or
because reverse pulses have not been attempted since one would expect a
null experiment on the basis of theory for bulk traps. The bulk trap at
122 °K is very fast since it not only requires the very fast times of which our
system is capable but also cooling to low temperatures. We have not found
any traps listed in the literature which appear to match this trap .

On the basis of the usual formula for -r (Eq. 1 5) and using the four
curves in Fig. 28 along with a fifth curve for which t 1 = 5 usec and
Tm = 312°K , we obtain Ena = 0. 58 eV with an rms error of 10 percent ,
producing the dashed straight line in Fig. 30. However , in contrast to the
bulk trap results , we have found that the value of Ena will change when either
the bias voltages such as V~~, the filling time T~~1 or the dop ing level N~~

V changes. In going from Fig. 21 to Fig. 30 , the doping level changes from
about 2 x ~~~~ to 1.1 x 10 17 . The dependence on the variables suggests that
the signatures are not caused by a single surface state 0. 58 eV below the
condu ction ban d , but by a continuum of states that are filled to different
levels as these parameters change.

The effect of changing the pulse—back bias V~ is indicated in
Fig. 32. These are the same type of curves that we used to measure trap
density as a function of position for bulk traps . If bulk traps were causing
these signatures , the peaks would occur at the same temperature for each
curve. However , the negative peaks in Fig. 32 occur at slightly different
temperatures for each value of Vi,. This result would be consistent with a
continuum of surface states , and a preferential emptying of traps with shorter
decay times (and presumably higher energies) as V~, becomes larger. The
direction of the change of the temperature at which the maximum occurs
suggests that the higher energy levels have shorter time constants , as one
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Figure 32 DLTS Signals after the Voltage is Pulsed back to Different
Values of Vp with VB fixed at 5 Volts. As the pulse-back
voltage V~, approaches zero bias, more surface states are
emptied as the signal amplitude increases. As V~ decreases ,
the maximum r-~sponse occurs at higher temperatu res indi-
cat ing a dlffere !-k t time constant.
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mi ght expect as the energy levels move closer to the conduction band.

The DLTS signatures in Fig. 33 show that increasing values of T~
increase the amplitude of the signature until the effect  saturates when T~
exceeds 100 usec . Thus the empty ing of surface states occurs over times
on the order of 100 usec in contrast to bulk traps , which are filled in times
considerably less th an 1 usec. An even more surprisin g result is that the
temperature of the maximum response decreases as T~ increases. Since
the peaks would occur at lower temperatures f o r  traps with more rapid filling
times , the surface traps which empty most slowly must fill most rapidly.

5. 2 Measurement s on an Unbuffered FET

In general , for a buffered device , VB can be chosen so that the
- -  depletion layer ends within the buffer layer where , due to the low doping,

the magnitude of the capacitance is sensitive to small changes in the surface
charge. To state the same effect in a differen t way, the capacitance becomes
sensitive to s-mall changes in the built-in potential. As a result , transient
capacitance changes are likely to be smaller in an unbuffered device. - These
small changes are somewhat difficult to find when we are observing surface
signatures because we have to set ~~~ V~~, anf VB correctly to obtain the
maximum signature.

Negative peaks were obtained on a fat FET made from the unbuffered
wafer No. 72460 with an active layer dopin g of 7 X  1016 cm 3 , by setting the

pulse-back time T~ equal to 200 usec. The magnitude of AC is quite small
under these conditions , less than 0.01 pf . This is abou t 0. 06 percent of the
steady-state capacitance , since CB 16 pf ,

5. 3 Measurements with a Ti-Pt-Au Gate

All previous measurements were made with gates consisting of 400 A
of chromium in contact with the GaAs , followed by 4000 A of gold. The
theory discussed in the next section suggests that the magnitude of these
capacitance transients depended on the work function , 

~m ’ of the gate metal ,
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Figure 33 The Effect of increasing T in a Set Pulse. The surface
states are slow to empty s?nce they require about one
hundred microseconds to reach full amplitude. There
is a decrease in temperature of the peak response as
T0 Increases , suggesting that the trap states which are
slowest to fill are the most rapid to empty- .
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To check the effect of the gate metal , measurements were made on device
No. 31, fabricated with a Ti-Pt-Au gate on wafer No. 72444 , which has an
active layer doping of l x  l0 17cm~

3 and a thickness of about 0.25 mm.

Figure 34 shows a series of DLTS sweeps with ~ 1 varying from 4 to
65 ~ s, while t 2 = 5t 1. As shown in the figure , negative peaks appear on
each of these curves , with the minima occurring at temperatures ranging
from 322 K to 306 °K. The delay time of each of these traces Is plotted
as a function of 1000/ T in Fig . 35, where the straight line is a least-
squares fit to six points from the peaks of the DLTS sweeps in Fig. 34.
The slope is considerably steeper than the corresponding line with the chrome
gate since the value of Ena has increased from 0.58 eV to 1.31 eV. The
rms percentage error is 22 percent , which is larger than the errors we have
obtained in most of our measurements.

A positive peak appears in Fig. 34 which occurs at temperatures
ranging from 384 °K to 345 °K. A least-squares fit to these points results
in an rms error of 21% with a value of Ena 0.83 eV but with a surprisingly 

V

large cross section of 2 .6  X 10~~ °cm 2. -



-V-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-: 

~IT ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

C51 c~~o
- 

-

I -
~~~~) 0

o~~
-
~~~~

-
~~~~~

I

~t I  / ~~~~VV4

1 -~~~~ ~~~~~c~S..i -V1-V I I4. ) I -
~~~~ ...1~~~ cd

\ ( _  
-

\~ N . 1
-
~~~~-V.—

’-- 
~V) C4.4

a,N -
~~~~

-VN
~ 0r.V4J  -V\

.V
) J ~~~~ 0) 0)

7- / I -
~~~~77 7’ / V
~~~~~ 0) 0)

“-V 
-‘

--V I/ ~~~~~~~~~I c.J~~~
0 ( ~J

-~~~~I CIJ

-
~~~~

C -~~~~~~

I 4-.J) -

I -
~~~~~/ O)

I -~~/

.-I .—
~~~~-

5
’ 

Co

1 .n 0)
c—i

-V

71 
V

- V—

~

V -- ~~~~~~~~~~~~~~~~~~~~ V~~~~-V V 
-V _ _ _



—V -V -V-V•~ V_ - V_ -V- V -~ — V
~~

__ -_-
~ 

_-V 
~ it4~

_
~~~~~

- - -V ~~~~~~~~~ -
4

P5N-.7S-~ 7

-i 1000

Titanium - Pt- Au GATE 
-- WAFER . 72444

/
- L ,t~E:I.3l eV

-
I

N— 100 -0
0
r~)
I—

.

10 ~ L I I I I _i I I I
2.5 3 3.5

I000/T (°K)

Figure 35 (TI 300) 2 Times the Relaxation Time for a Surface Trap Under
a Ti-Pt-Au gate, plotted versus 1000/ T. The straight line
with a slope corresponding to Ena 1.31 eV is a least squares
fit with an error of 22 percent.
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6.0 THEORETICAL MODEL OF THE SURFACE STATES

In this section we will relate the transient capacitance charge to the
change in the occupation of surface states at the GaA s-gate interface. This
model is closely related to a model of Cowley and Sze ’~ ’ 12 which explains
why the built-in voltage is almost independent of the work function of the
metal used as a Schottby barrier on a semiconductor with a high density of
surface states , such as GaAs.

A schematic diagram of the semiconductor , shown in Fig. 36 , in-
cludes both bu~Ik electron traps in the interior of the semiconductor and
surface states at the interface. The interface Is pictured as a thin oxide or

insulating layer separating surface states if) the semiconductor, with charge
from a charge , 

~~M’ at the metal surface. The insulating layer has a
thickness 6 across which a potential drop A is produced .

When the reverse bias applied to the semiconductor changes , the
positive space charge in the depletion layer 

~~sc changes in the usual way .
To maintain charge neutrality 

~~ss and must change also, which alters
the balance of forces in the interfacial layer. Even in the limit of zero bias ,
to which Cowley and Sze restricted themselves, the charge densities
and have riot been evaluated numerically In the published paper , so we
will discuss the zero bias case first.

6. 1 The Interfacial Layer for Zero Bias

Cowley and Sze introduce five equations . The first results from

charge neutrality:

~~~~~~~~~~~~~~~~~~~~ 
(29)

The space charge per unit area in the depletion layer, which we will
calculate only for the case where the doping density ND is uniform, is given
by _____________________________

= q ND ‘b Bn 
- VN 

- k T/ q) (30)
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The barrier height is

ó Bn ~~~m 
- - A.  (3 1)

From Gauss ’ law , the voltage drop across the insulator is

-Q~~1 
( 6/  €~~) (32)

The surface state charge , given by the fact that all states below the

Fermi level are filled , is

Q55 
= _

~~D5 (E g~ p
_
~~ I~0 q~~~ fl

) (3 3)

Here we have neglected the image force lowering of the barrier volt-

age , since it is not only small but immaterial to the built-in voltage. Both
\-V the voltage difference between the Fermi level and the bottom of the

conductor band , and kT/ q are on the order of 0 .02  and could be neglected

for our purposes. D5 is the density of quantum states per unit area in units

of m 2 joule ~~~~~~ taken as a constant equal to its value at the neutral point

q~~0 in the energy spec t rum of the surface states. 
~ m is the work function

of the gate metal and x is the electron affinity . The results are not very

sensitive to the values of D5 or of  C . where 6 is the thickness of the insulat-

ing layer and e . is the effective dielectric constant of the insulating layer.

There are 5 unknowns in the 5 equations of Figs . (29) to (33) . We

have found two usefu l schemes of elimination. In the first we eliminate

~sc’ ~~M ’  and Q~~ to obtain the equation

A = ( -k 1 ~~~~~ 
-2 € q N ~~A ) / k 3 (34)

where the k ’ s have known values given by

k 1 = qD 5 (E gap - q ( ~~0 ~
k 2 = 2 C q N ~ ~m X - V s - k Tfq ) ,

and
k 3 c 1/ 6  ~~q

2 D5 .

EquatIon (34) has been written in a form particularly usefu l for an
iterative solution since the effect of the term Involving A on the right-hand
side is small .
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Another usefu l form is obtained by eliminating A and to obtain
the following equations for the charge densities:

= — 

~~ss 
+ 

~sc~’

~~sc =~~/2 €~~ N~ ~~~ 1T1~~ 
x ~ V~~ kT/q 

~~~~~ 
6/€ .)  , (36)

and
= — q D5 (E gap 

- q (~~~ x + ~ ) — q 6 
~~M’ ~~~ (37)

In solving these equations , we used the parameters given by Sze for
GaAs as listed in Table X .

TABLE X

INTERFACE PARA ME TERS FOR GaAs

6
2
/ C i

1 
E~~~,/ c l  D5

fd - cm -1 (cm fd  ) (Volts) (Volts) (cm 2 eV (Volts)

1.1 x io~~
2 6 .6  X E Q 5 1.43 0.53 12.5 X 1O~~~ 

4.07

The solution of these equations is plotted in Fig . 37 as a function of
for ND = 1.1 x 10 17 / cc. First , we note that the barrier voltage

is nearly constant , increasing from 0. 87 to 0. 93V over the entire range of
work functions which Is in agreement with experiment.

Most of our experiments used chromium gates , and the chromium
work function is about 4.60 , which falls at 0.53 on the abscissa of Fig . 37.
Here we note that is more than twice the space charge 

~~sc~’ 
and there-

fore the electric field in the insulating layer Is much stronger and in the
opposite direction from the field in the semiconductor. The total interfacial
charge , 

~ M and Q55, is always positive , of course. We have followed
Cowley and Sze ’ s notation 1 -12 in letting A be positive when It represents
a decrease in voltage in going from metal to semiconductor , but for most
metals this convention makes A negative since is positive .
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6. 2 The Interfacial Layer with an A pplied Bias

If the Interfacial layer is thin enough , we can assume that the (acceptor)
surface states in Fig . 36 are filled up to the Fermi level of the metal. In
that case , only the equation determining the surface charge is affected , i .e . ,
Equation (30) becomes

~~~~~~~~ 
~~ 2 € ~~ N~~W~ + 

~ Bn~~~ 
- V - k T / q ) .  (30a)

As a result , in Eq. (34) the value for k 2 becomes

k 2 = 2 € ~~N~ (y
E + ~~~~- X  -V~ - k T/ q )

and the only other change is that Eq. (36) becomes

~~~~~ 
~~/~~€ q N ~~(V~ + 

~ m - X - V - kT/ q + 
~~~~ ~ i €~~) . (36a)

Applying these equations with a reverse bias of 5V to the 1.1 x io 17~ cc

doped semiconductor described in Fig . 37 , we obtain the results described
in Fig . 38. There is little change in the barrier potential 

~Bn ‘1~B =

VBI + Vn~ 
Thus this model of the effect of surface states produces a result

in agreement with many experiments, namely that the value of the built-in
voltage VBI is little affected by metal work function , or by the applied
reverse bias . Additional calcuations verify that VBI is little affected by the
doping level. The space charge and therefore increase as the square
root of ND or of VB, while 

~ M and A a-re mainly affected by the work func-
tion of the metal.

6. 3 Transient Effects After  a Bias Pulse

The transient capacitance effects measured by our DLTS experiment
occur during the transition from one steady-state bias value , say VD = 0
where the equilibrium conditions are illustrated in Fig . 37 to another
steady-state bias condition VB, like the one illustrated in Fig. 38.

After sw itching from 0 to VE, the negative charge Q55 in surface
states increases to counteract the increased positive space charge in the
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expanded depletion layer. Since there is little change in VBI, there is little
change in A or 

~~M’ from steady state to steady state .

However , the rate at which the metal can transport change will be
very fast so that it seems reasonable to consider an intermediate state
when Q~~ retains its steady-state value from before the pulse but 

~~M has
changed to a new quasi-equilibrium value corresponding to the new applied
voltage and the old steady-state value for Q~~. We will treat ND as a con-
stant , so that the calculation will not be accurate for measurements in which
the depletion layer edge moves out of the active layer into the buffer layer.

The rate at which Q~~ changes to its new value cannot be easily cal-
culated . It is not clear whether it is valid to assume that Q~~ adjusts at the
rate measured experimentally becaus e our assumption that the surface
states are eventually filled to the Fermi level of the metal suggests that the
surface states are in intimate contact with the electronic states of the
metal and should fill very fast. On the other hand , the electric field in the
insulating layer is large and might delay the tunneling process. A calcula-
tion is difficult because the calculated values of the built-in voltage are
insensitive to changes in 6. Moreover , the layer thickness 6 enters only in
the ratio 6/ €

~ 
and , if we identify €

~ 
with the semiconductor dielectric con-

stant instead of with the free space dielectric constant that Cowley and Sze t 1

suggest , 6 may be as large as 60-80 A .  Considering this uncertainty, we
will discuss the values of AC which will result If is assumed to retain
its old steady-state values for times comparable to 10 ps in Section 6.3. 1,
which will give estimates of the magnitude of AC. Then we will discuss
other processes which might result in transients with the time scales observed .

6.3. 1 Intermediate state after a bias pulse

During the intermediate state has the fixed valu e corres-
ponding to its previous equilibrium value , and Eq. (33) is not relevant until
the charge in the surface states comes to equilibrium. As a result , we
obtain Q M and Q~~ from Eqs . (35) and (36) with known. As an example V

of the calculated results , we show in Table XI the intermediate state after
the bias has switched from 0 to 5V, where the steady states are Illustrated —
in Figs . 37 and 38. 80
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TABLE XI

CHARACTERISTICS OF STEADY STATE AND INTERMEDIATE STA TE

Quantity Initial Inter- Final
State Mediate State

State

Bias Voltage (volts) 0 5 5
A (volts) - . 33 - . 14 - . 32
Capacitance (p f) 141 53.7 52.9
EF -q-~ 0 (eV) .034 .226 .048

QM (cm 2 ) 3 . 2 x  io l2 l . 4 x  io l2 3 . Q x  io l2

-4.3x io 12 -4.3x io 12 -6-Ox io
12

V~ 1 (volts) - 85 - 65 . 83

V - The capacitance drop from the intermediate state to the final state is
calculated as -0.8 pf in Table XI . The measured capacitance drop, esti-
mated from Fig . 32 , is AC = 1. 2 p1. One may expect a somewhat larger
capacitance experimentally because Table VIII shows that 5V put the edge of
the depletion zone part way Into the buffer layer , where ND = 3.3 x io 16 , cc.
As indicated by Table XI, the decrease in capacitance is accompanied by a
transient increase in VBI from 0.65 t o O .  83V. Several other measurements
are summarized in Table XII, including the assumed value of ND in the
calculation of the intermediate state .
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TABLE XII V

EXPERIMENTA L AND MEASURED TRANSIENT CAPA CITA NCE

Wafer ND Vp VB AC j AC
No. ( cm-3) (volts) (volts) (calculated (measured)

7 2449 1.1 x 1O~~ 0 5 - .8pf - 1.2pf
7244 9 1.1 x .7 5 - .7 - 1.0
72449 1.1 x io 17 1.4 5 -.5 - .7
72449 1.1 x to l7 2.1 5 -.4 - .5
72449 1.- i x io 17 2.8 5 — .3 - .2
72449 1.1 x io l7 3.5 5 - .2 - . 1
7 244 9 1 . 4  x ~~17 0 3 1 1 - .3
72449 1.1 x io 17 5 .8 ~-4.0

7244 9 ~~ ~ ~~~ 4 .8 3.2 5.2

72449 1 . 4  x ~~17 3 .8 2.4 4 .1
72507 1 .8 x  ~~~ 0 4 - .0 16 <- .008
72507 1.8 x to 15 0 20 - .005 - .64 V

72507 [ . 8 x  1O~~ 20 0 .6 1 .34

The agreement between measured and calculated results Is generally
very good . The only large discrepancy is for wafer No. 7250 7 when V~ = 0
and VB = 20. Part of the discrepancy Is due to the fact that the depletion
edge for VB = 20 is In the buffer layer where the doping Is reduced to
1.8 x io 14, cc according to Table VI, which tends to increase the mea-
sured transient capacitance.

6. 3. 2 Possible transient effects

Although the transient capacitances calculated in Table XII
agree reasonably well in direction and magnitude Wi th the experimental
results , it is not clear whether It Is reasonable to assume that the surface
states require 10 - 100 ps to reach equilibrium. In this section we want to
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suggest that the high electric field at the surface of the semiconductor and 
V

the Interfacial layer might cause transient effects of the order observed. A
surface charge about on the order of 5 x l0~~ Cl cm 2 , such as shown In
Fig . 38 , can cause fields on the order of 4 x 1O 5 V/ cm , which might easily
cause changes in the density of states or neutral energy q4 0 or cause
motion of mobile charge within the interfacial layer which could change the
effective value of the dielectric constant C i .

The effect of a change in the density of states D5 can be seen from
Fig. 39, where we have plotted the potential drop A as a function of
(D 5/ D ) , where D is the most likely value, taken from Table X. From
Table XI , a change in A of 0. 18 is enough to explain the transient capaci-
tance for ND = 1. 1 x io 17 , cc. A smaller change in A occurs for lower
doping densities. From Fig. 39 , a change of the order of -0. 1 volts would
occur if D5 increased by a factor of 3 under the influence of the increased
electric field indicated by the space charge shown in Fig . 38, which would
have the right sign and magnitude to explain the observed transient capacitance .

Another method in which the balance of charges could slowly change Is
by means of the slow diffusion of mobile charges existing within the insulating
layer. In this case the time scale would be 6 2/ D , where D is a diffusion
constant which may have an activation energy to give It the exponential
behavior found experimentally in Figs . 30 and 35.
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7.0  GROWTH AND FABRICATION METHODS FOR MINIMIZING TRA P
EFFECTS ON FET’S

Historically, FET performance has been adversely affected by both
bulk traps introduced into the channel by outdiffusion from the serni-insulat-
ing substrate and by the effects of surface states. U nfortunately, neither of
these effects can be completely eliminated . The technology for the growth
of bulk semi-insulating GaA s has not advanced to the state where it is possible

- 

- 
to make outdiffusion negligible . Attempts to apply dielectric coverings
(passivation) to the channel surface have generally been unsuccessful.

Since the problems could not be eliminated , FET designers have
emphasized solutions which circumvent the problem. Solution 1 is the buffe r
layer , which moves the conducting channel to a position remote from the
substrate, as illustrated in Fig. 40 , and thereby reduces the number of bulk

- 
V traps . This increases the channel mobility . Solution 2, also shown in Fig.

40 , is the recessed gate in which the surface charge between gate-and-drain
and between gate-and-source is moved away from the channel. This surface
charge has important effects in device operation , although its effect was
minimized in our DLTS measurement by the geometry of the fat FET.
These surface states are generally negatively charged and can modulate the
gate depletion capacitance as the gate-drain bias Is varied . The extended
deplation layer can Increase the source-drain resistance, especially at low —

gate biases . -

The doping profile for a wafer designed to be fabricated into a low-
noise FET with a recessed gate Is shown In Fig. 41. One of the problems
associated with growing the buffer layer is that outdiffusion of acceptors from
the substrate partially compensate for the doping density of donors , which
is determined by the AsC 13 mole fraction in the VPE reactor system. ‘We
use this compensation to our advantage by growing a thin buffer layer
(~~ 2 mm) and letting the acceptors drive the doping level down to the low
10 l3~ cc range .
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Figure 41 DopIng Profile of a Low-N oise FET showing a Low -
Doped Buffer Layer ~~eparatthg the Active Layer from
the Substrate. An n contact layer is grown near the
surface.
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Such beneficial use of normally undesired impurities is a c
task. All substrates do not have the same impurity species in sir
sit ies. Consequently, calibration of the reactor for buffer layer ~
must n~~’essarily involve the type of substrate to be used in the gr
Each boule of substrate must be calibrated for use. In general, e
new boule is accepted for use , it must be characterized by growin
measuring high-resistivity buffer layers .

The delicate balance between the depletion of donors by th~
stream requires thin buffer layers so the growth process will not
the outdiffusion of acceptors from the substrate , and lead to too h:
doping level in the part of the buffe r layer closest to the active la~
the other hand , If the growth stream does not compensate the acc~
diffusing out from the substrate, a layer of GaAs next to the subst
become p so that a p-n junction will exist in th c’ buffer layer. Eit
two conditions will have an adverse effect on the transistor operat

After  the growth of the buffer layer is completed , an etch
solenoid and the doping gas (SiH4 in H 2

) solenoids are activitated ,
an abrupt transition between the buffe r and active layers (see Fig
the end of the active layer , the etch bubbler solenoids are deactiv
the H 2 flow increased. This greatly decreases the mole fraction
which causes the doping in the constant layer to jump to the 10 18

Af te r  the multi-layer epitaxy of the wafer is completed , a
rlcatlon technique Is used which places the gate below the channel
layer surface , as illustrated In Fig. 40. The contact layer above
and Tart of the active layer are etched away so that the active lay~
the gate is on the order of 0. 2 ~i m. These recessed-gate-plus-i
layer FET’ s are a much more predictable structure to design an~
than the older design FET’ s. Nevertheless it is not an exact tee]
This is exemplified by the experimental evidence from numerous
tories that ‘das for a given pinch-off voltage is Influenced by the
deposition process , the process used to etch the channel and gate



and the type of post-etch cleaning to which the FET surface is subjected .
In the next section we will present experimental results for recessed gate
wafers in which a buffer layer and a contact layer are succesaively added to

the FET structure.

I
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8.0 I-V CURVES MEASURED ON RECESSED GATE FET ’S BY PU LSED
AND CW METHODS

FET characteristics were evaluated using equipment which measures
the ~ourct ’-drain current as a function of the gate voltage Vg and the drain
voltage Vd . The voltages can be kept steady or the current  can be measured
at a fixed time after pulsing either Vg or Vd f rom some fixed value to the

measurement value . The pulsed measurements indicate the presence or ab-
sence ~ f the transient emptying and filling of bulk and surface traps .

In order to make comparisons between different structures , we
evaluated FET’ s which were buffered and unbuffered and which were grown
with and without n~ contact layers (see Fig . 40) connecting the channel to the
source and drain as indicated in Table XIII .

TA BLE XIII

DEVICES TES TED FOR I-V CHARACTERISTICS

Device Buffer Contact
Designation Layer Layer

A No No

AB Yes No
AC No Yes
ABC Yes Yes

A large number of I-V curves was taken with th~~e devices , of which
we will show a selected few to Illustrate the device improvement resulting from
adding a buffe r zone and a contact layer.

The solid curves in Fig. 42 show the DC characteristics measured on
the ’ unbuffered device A ( 2 ) .  The dashed curves show the result of pulsing
the drain from 0 to Vd, and measuring the drain current 100 ~i. s after the
drain is turned on. Pulsing the device causes a current increase on the order
of 4 mA near the knee of the curves , I . e . , near the drain voltage , where
velocity saturation begins to occur in the channel. These transients were
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observed to have decay times on the order of 0. 2 to I ms , which is compar-
able to the decay times at room temperature of the bulk and surface traps
which we have observed in the DLTS experiments .

FIgure 43 shows the results of similar measurements on device AB ,
which includes a buffer layer. Now there Is little difference between the
pulsed and DC results , indicating the absence of trap-induced transients.
The DC curves ~~ow a gradual increase of current as the drain voltage is
increased , instead of complete current saturation, which may indicate that
some current is being shunted through the buffer layer or along the substrate
surface. A slight amount of hysteresis can be seen for Vg = 0 and -0. 2 in the
DC curves , which are drawn by sweeping the x-y recorder pen from Vd = 0
to Vd = 5 and returned over a period on the order of a minute .

When a contact layer is used in addition to the buffer layer , we reduce
the transients even further , as shown by Fig . 44. This structure has an ad-
ditional advantage because it reduces the source-and-drain resistance and
therefore reduces the thermal noise. This device also shows little Indication
of shunt resistance since the current is well saturated beyond the knee in the
I-V curves.

The behavior of the depletion zone during pulsed measurements is
shown in Fig . 45. The bulk traps outside the depletion layer W(x) are filled
during an internal trap-setting mode , Illustrated in Fig. 45a for a pulsed
drain mode and in Fig. 45b for a puls ed gate mode. (In both of these sketches ,
the increase of W(x) with x is exaggerated.) The traps outside W0 are m i -

• tially filled ; in order to describe the process , a program was written In which
• W (x) was stored by means of a spline routine , and W0 was determined by

means of the symmetric model described by Pucel et al. 18 The space charge
density is now a function of x and y, which complicates the original model
somewhat, but W 1(x) , the depletion laye r thickness immediately after the
voltage is pulsed , can still be found by numerically integrating a differential
equation f o r W .
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Figure 44 Comparison of DC and Pulsed Drain Characteristics
for a Wafer with both Buffer arid Contact Layer. The
transient effects are nearly eliminated.
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Figure 45 Schematic Diagram of a Depletion Layer in a FET During a
trap setting pulse (W (x)) , immediately after the pulse
(W 1 (x)) and after the ‘~‘ET has had time to reach a new steady
state .
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Immediately after the voltages are pulsed to new values , the traps
between W 0(x) and W 1(x) will be filled . More explicitly , let the active layer
density of shallow donors be N and the density of electron traps be NT. Then
the positive charges between 0 and W 0(x) have the density N( 1+T ) , while the
density between W0 and W 1 is only N .  These traps empty on a time scale on
the order of milliseconds , and the depletion layer settles back to W 9, with
the positive charges having a density N ( l+  T).

Numerical results are shown in Fig . 46 for the case wie re Vd =

and the gate is pulsed from 0 to 3V. Here , N = IO 17I cc , T 0. 1, the gate
length is I ~.& m , the gate width is 300 ~.i in , and the active layer has a thick-
ness a = 0.3  ~i m. The thickness of the depletion layer does not change very
much with x , which is typical of these FET ’ s, but may seem surprising to
someone with a qualitative understanding of FET operation.

For bulk traps , the drain current should increase during the transient
phase as shown by the calculation of Fig. 46 where the current increases from
4 2 . 4  to 47 .6 .  Measurements with the gate pulsed from 0 showed little effect
and , in fact , the current decreased slightly, which would be consistent with
the DLTS results which showed the depletion layer moving outward due to
surface states beneath the gate.

Another experiment is shown in Fig 47 in which the gate voltage is
pulsed downward from the pinchoff voltage to the record ed gate voltage , using
the buffered transistor AB. This is equivalent to the reverse pulsç in the
DLTS measurement, and we would expect to see no change in ‘d from bulk
traps . In fact , ‘d increases slightly during the transient phase, which is
probably due to the slow emission of electrons from surface traps .
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~L0 CONC LUSIONS

During the last year of this contract , DLTS measurements detected and
identified electron traps in n-GaA s and hole traps in p-GaAs.  A technique

• was developed by which the energy level of the trap and its cross section
could be obtained from a single DLTS temperature sweep.

A new type of signature due to surface traps was discovered and shown
to produce stronger DLTS signatures than bulk traps in normally-doped
FET ’ s. These surface trap signatures were qualitatively different from
bulk traps in several ways . They may be expected to produce noise whose
frequency will be upconverted to produce FM noise affecting microwave
oscillators . The noise effects of the surface traps may have important

• effects on the microwave operation of FET’ s but noise studies are beyond
the scope of this contract.

FET designs have been modified to includ e the growth of multi-layer
epitaxy with buffer layers and contact layers and the fabrication of devices
with recessed gates . Pulsed and DC measurements taken on these devices
demonstrated that major transient variations in FET parameters over the
scales on the order of milliseconds have been eliminated by these techniques .

5-_

99 

-



1T~~~ —v—.- - —. -,.--.-- .~.~- - - —• v , .,—.-- . ..r . - n--
-- - -5-—— - -- -- — — --5- 5- - 5- 

-,

- — — 55 - —5— - - . -  - - - - - — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

10. PERSONNEL

The principal investigators of this program over the past year were
Dr. Lowell Hoiway and Dr. Michael Adlerstein. Epitaxial semiconductor
growth was directed by Dr. Alan Swanson. The fabrication of fat FET’ s
was directed by Dr. James Vorhaus and the fabrication of the recessed gate
FET’ s was directed by Dr. B. S. Hewitt. The electronic design and the
DLTS experimental measurements were carried out by Mr. Jack Curtis.

Overall technical guidance and consultation was provided by Mr.
Robert Bierig, the manager of the Research Division Semiconductor
Laboratory .
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11.0 PUBUCATI ONS, PRESENTA TIONS AND REPORTS

A chronological listing is given below of the publications-, presentations
and reports which were generated fro m Contract No. F44620-75-C-0063 or
which are planned .

1. “ Electrical Traps In Microwave Materials , ” Interim Scienti~ficReport for the period March 1, 1975 — February 29 , 197 6,
prepared by Michael Adlerstein and Charles Krumm.

2. M. G. Adlerstein and C. F. Krumm , “ Electrical Traps in
GaA s Microwave FET ’ s, ” Workshop on Compound Semiconduc-
tors and Microwave Devices , San Diego, California , March 11,
1976.

3. R. A.  Pucel and C. F. Kruinm , “ Measured Drift Mobility in
n-type GaAs epi Layers , ” Workshop on Compound Semiconduc-
tors and Microwave Devices , San Diego , California , March 11,
1976.

4. J. Thompson, S. R. Steele and R. Bierig, “ Eff ect of Substrate
• Upon High Resistivity Buffers for Field Effect Transistors , ”

Workshop on Compound Semiconductor Materials and Devices ,
San Diego , California , March 11, 1976.

5. R. A .  Pucel and C. Krumm , “ Simple Method of Measuring
Dri ft Mobility Profiles in Thin Semiconductor Films , ”
Electronics Letters 12 10, p. 240 , 1976.

6. M. G. Adlerstein , “ Electrical Traps in Microwave FETs , ”
Electronics Letters 12 12 , p. 297 , June 1976.

7. Robert A .  Pucel , “ A MobLlity Profilometer for Semiconduc tor
Films . Raytheon Patent Disclosure No. 31385 , dated
October 5, 1976.

8. M. G. Adlerstein , “ Trapping Phenomena In GaA s Microwave
FET’ s, ” AFOSR/ NE Advisory Group Workshop on Gallium
Arsenide Materials for Microwave Devices , 14 October 197 6,
A rlington , Va.

9. “ Electrical Traps in Microwave Materials , ” Interim Scientific
Report for the period March 1, 1976 — February 28 , 197 7,
prepared by Michael Adlerstein and Lowell Hoiway.

10. L. H. Hoiway, Jr. , M. G. Adlers tein and i. Curtis , “ Elec-
tronic Trap Studies on GaA s FET Wafers , ~ Workshop on
Compound Semiconductor Microwave Materials and Devices ,
San Francisco, California , February 13, 1978.
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11. L. H. Hoiway, Jr. , M. G. Adlerstein and J. Curtis , “ Surface
State Transients in GaAs FED s, ” (tentative title of publication
to be based on Sections 4 and 6 of this report) .

12. “ Electrical Traps in Microwave Materials , ” Final Report ,
prepared by Lowell Holway and Michael Adlerstein , April , 1978.
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