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Operation and characteristics of  the indium doped 
infrared sensing MOSFET  (IRFET)  ape  described.    Responsivities 
of over 40 milliwatts/microjoule fiave been observed with only 
small  channel width to  length ratios  and  large area devices. 
Much higher responsivities would be  possible with smaller 
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is aattctpated to be particularily.uaefull In the 3 to b 
mL^£e? wavelex^th range, and operates at temperatures less 

than 50OK. 

Preliminary results have been obtained on the operation 
of the gallium doped infrared sensing MOSFET at 24.5 K. 

A theoretical analysis shovs that all 8urf*" ^P* 
semiconductor infrared detectors. CID. CCD. or ™ET ^ve 

essentially the same maximum attainable signal to noise ratio 
under shot noise or background limited operation. Noise 
measurements on the 1RFET show that shot noise or background 
limited operation can be acheived for integration periods of 
less than ten seconds in non-optimized device structures. 

These results suggest that the infrared sensing MObFET 
or IRFET might indeed be most usefull in infrared imaging 
applications in the near, middle, and far infrared. 
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TECHNICAL REPORT SUMMARY 

Operation of the indium doped infrared sensi.ig MOSFET (IRFET) has 

been demonstrated. An examination of the device operation shows that 

the results developed previously for the gold doped devices can be 

readily extended to the indium doped devices. 

Indium doped devices are anticipated to be particularly useful 

in the 3 to 5 micrometer wavelength range since their response peaks 

in this range. 

A process has been developed for the diffusion of gallium from 

Uoped oxide sources into boron doped wafers.  An investigation of the 

MOS capacitor C-V characteristics indicates that convenient gallium con- 

centrations can be achieved by this technique.  This process is directly 

applicable to the MOSFET device and double doped, gallium and boron doped, 

infrared sensing MOSFETs produced by this technique. Preliminary results 

on these latter devices at low temperatures are most encouraging. 

An investigation has been made of noise mechanisms.  It has been 

shown that theoretically all surface type solid-state devices, have 

essentially the same maximum attainable signal to noise ratio, these 

include CCD's, CID's, and IRFET's.  It has been found that shot noise 

or background limited operation of the IRFET can be achieved for in- 

tegration periods of less than ten seconds. 

Based on these observations we feel that, for the most part, operation 

of the IRFET over the entire infrared region, near, middle, and far should 

be relatively easily achieved.  Shot noise or background limited operation 

should also be achieved over a wide range of operating conditions. 

■ 
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THE INFRARED SENSING MOSFET (IRFET) 

GOLD-DOPED DEVICES 

A detailed treatment of the characteristics of these devices has been 
given in: 

(I)  AFCRL-TR-75-0168 semiannual technical report for the peilod 
1 Aug. 1974 - 31 Jan. 1975. 

(II)  "Experimental Characterization of Gold-Doped, Infrared- 
Sensing MOSFET," by W. C. Parker and L. Forbes, to be 
published In IEEE Transactions on Electron Devices, 
and scheduled to appear October 1975. 

This page Is Included primarily for completeness. If necessary additional 
copies of either of these items may be obtained.  Copies of item (I) may 
be obtained by qualified requestors from the Defense Documentation Center, 
all others should apply to the National Technical Information Service. 
Copies of Item (II) may be obtained from the co-author, L. Forbes. 
In addition, the results were presented in part as paper 4.8 at the 
International Electron Device Meeting, Washington, D. C, 1974. 
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INDIUM DOPED DEVICES 

EXPERIMENTAL VERIFICATION OF OPERATION OF THE ** 
INDIUM DOPED INFRARED SENSING MOSFET 

The infrared sensing MOSFET was originally proposed [1] as an extrinsic 

silicon detector which might be most useful in infrared imaging and target 

tracking applications.  Since that time operation of gold doped devices, 

employing response from both the gold donor and acceptor levels, has been 

investigated and described in detail [2,3].  The gold doped detectors, how- 

ever are limited to the near infrared portion of the spectrum or wavelengths 

less than 3.0 micrometers.  In this short report we provide experimental 

verification of operation of the indium doped extrinsic silicon detector 

whose infrared response extends out to 8.0 micrometers and which peaks In the 

often employed 3.0 to 5.0 micrometer wavelength range. 

The infrared sensing MOSFET (IRFET) employs photoionization of impurity 

centers in the surface depletion or space charge region behind the strongly 

inverted surface channel as the infrared detection mechanism.  Photoionization 

of these centers modulates the space charge in this depletion region and 

modulates the threshold voltage and conductivity of the MOSFET [1].  In the 

case of indium doped devices, the indium centers are first filled with holes 

by accumulating the surface, the transistor is then turned on by applying a 

large positive gate voltage.  If the indium centers in the surface depletion 

region subsequently change charge state by emission of holes to the valence 

band the conductivity between the source and drain of the device will decrease 

due to the increase in negative space charge associated with ionized indium 

centers in the surface depiction region.  Theoretically then, there are two 

distinctly different limiting conductivity states, one corresponding to the , 

case where the indium centers are filled with holes, or in the neutral charge 

**iiased in part on material which has been accepted for publication in the 
IEEE Transactions on Electron Devices. 
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state, and one corresponding to the case where the Indium centers are ionised 

or In the negative charge state. 

To verify operation of this new detector for the middle Infrared region 
0 

we have fabricated n-channel MOSFErts using a 4000A gate oxide on 3 to 5 ohm-cm 

indium doped silicon wafers obtained from General Diode Corporation, Framingham, 

Massachusetts.  These were only single indium doped wafers and not double 

Indium and boron doped as specified in the original design [1].  The double 

doping is in fact more desireable in order to provide for a fast and reproducible 

reset operation during surface accumulation, the boron doping would assure the 

presence of appreciable number of holes for the indium centers to capture, but 

is not necessary to unequivocally demonstrate operation of the device.  Fig. 1 

shows the two limiting cases for conductivity of the indium doped IRFET, in 

Fig. 1(a) the indium centers have been arranged to be in the neutral charge 

state by first accumulating the surface and then measuring the transistor char- 

acteristics.  The measurements have been made at 470K to avoid allowing the 

indium centers to thermally emit holes to the valence band.  In Fig. 1(b), 

the indium centers have been allowed to emit holes to the valence band, or 

become ionized, and then the temperature lowered to 47 K.  Large changes in 

conductivity of the IRFET have been observed with the change in charge state 

of the indium impurity centers in the surface space charge or depletion region. 

When operating this type of device as an Infrared detector the temperature 

must be low enough to avoid thermal ionization of the indium centers due to 

thermal emission.  The thermal emission rate for holes from indium centers 

in silicon has been determined by measuring the time constant of the decay 

between the two limiting conductivity states as a function of temperature. 

Fig. 2 shows these results where the time constant, T, is the reciprocal of 

of the thermal emission rate, ep, and yields a thermal ionization energy. 

-3- 
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INDIUM     DOPED   MOSFET 
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Figure i.  Indium Doped MOSFET Characteristics for the Two Limit 

Indium Charge States 
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f 
after including the factor T"3/2 tA], of 0.167 eV.  To the best of the 

authors' knowledge, the thermal emission rate of the indium center in silicon 

has not previously been determined.  Also shown in Fig. 2 are the previously 

determined thermal emission rate for holes from gold donor centers [4,2,31 

and the estimated characteristics for gallium centers.  Basically longer 

wavelength detectors mean shallower level impurities and lower temperatures 

of operation. 

Measurements have also been made of the infrared response of these 

detectors at 40oK by illuminating the IRFET with monochromatic radiation and 

determining the time constant associated with the decay in conductivity, as 

well as investigating the more detailed device characteristics.  These results 

have been found to correspond to the previous design criteria and will be 

reported on in more detail in the next section. 

In conclusion, the results presented here, we feel, adequately demonstrate 

operation of the indium doped silicon IRFET, and provide verification that the 

previous results on gold doped devices [2,3] can be extended bv use of shallower 

level impurities as indium. 

) 

-j- 













- Ein 

l'':;:\      p-type 
N substrate 

Indium 
Center 

SURFACE 
■DEPLETION 
REGION 

Photoionization 

^>VBG 

Figure 2 Cross-Sectional View of the Indium-Doped MOSFET 
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OPTICAL RESPONSE 

The effect of temperature variation on photocurront, AI  , has pn-viously 

been observed [6]. As can be seen from FiRure 5, AI  exhibits a similar decay 

when infrared radiation is incident upon the device.  The indulm centers were 

first preset in their neutral charge state by the application of an accumulation 

voltage.  At time t = 0, infrared radiation illuminated the device.  The re- 

sulting decay is due to the photoionization of the indium impurity centers. 

The time constant jf this decay is determined by noting the point where AI 

is exp(-l) times its initial value.  As stated previously, e0 > > e* at the 

temperature of operation and the resulting time constant is related to e0 through 

equation 1.  The expression for e now becomes 

e = o (flu)* , 
P (16) 

where 0 (f.u)) is the photoionization cross-section and * is the incident photon 

flux in number per unit area per second. 

The photoionization cross-section, a measure of the probability that a 

carrier will be emitted due to incident illumination, can be determined by 

observing the optical decay time as a function of the wavelength of the inci- 

dent infrared radiation do].  For a constant photon flux over the wavelength 

ranKe of interest, equation 16 can be employed to calculate the resulting pho- 

toionization cross section.  The experimentally determined photoionization cross- 

section for our .-xperimental device is shown in Figure 6.  The units are rela- 

tive since the measurements were not calibrated in terms of absolute photon 

flux.  This is a very difficult procedure since many reflections exist within 

the IRFET sample holder.  Even leading optical laboratories still have quite 

a problem in being consistent with their determination of optical flux [11]. 

However, the measurements were corrected in terms of the spectral charactensiics 

of the monochronator. 

-20- 
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Also shown in Figure 6, in comparison to our results for the indium center 

in the surface depletion region of a MOSFET, are results obtained by other 

authors for the indium center in bulk silicon [12, 13, 14] .  A likely calibra- 

tion point of .6 eV was used for comparison purposes. 

At this time, our determination of photoionization cross-section extends 

only out to 3.1 microns.  This is due to the limit of 3.2 microns on the present 

monochromator.  However, a GCA/McPherson, .3 meter scanning monochromator has 

been obtained that should extend our graph out to 8 microns.  Due to the narrow 

bandwidth of this monochromator our experimental method will need to be revised 

so that the output flux of the monochromator will overcome the background ra- 

diation that our device is subjected to.  The background flux was calculated 

14  2 
to be approximately 3x10 /cm -second by observing the "dark" decay time. 

OPERATIONAL VERIFICATION 

The experimental I-V characteristics of the IRFET are shown in Figure 7. 

The solid lines correspond to the case where the indium centers are neutral 

(preset condition) and the dashed lines to the case where the indium centers 

are negative (after photoionization).  As predicted by equations 12 and 13, 

the current does indeed decrease in the IRFET after illumination with infrared 

radiation.  The ideal MOSFET equations, equations 9 and 10 were evaluated at 

several points on this graph in order to determine an average surface electron 

mobility that could be used in the device equations to model the IRFET.  A value 

2 
of 1232 cm per V-sec. was obtained for the mobility.  This large value of 

mobility suggests that the lattice scattering has been greatly redurcJ at this 

temperature oi operation [15). 

The IRFET photocurrent, -AIDS, is shown plotted in figure 8 as a function 

of VGS in the linear region.  The theoretical expression for photocurrent, 

equation 12, suggests no variation in -AIDS as V^ is varied, as is indicated 

-23- 
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Figure 8 The Photocurrent as a Function of Gate Voltage 
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by the dashed lines of the figure.  However, the ideal MOSFET equations, from 

which equation 12 was derived, assumes that the drain to source current is zero 

when the applied gate voltage is less than or equal to the device threshold 

voltage.  In order to mane the equations correct, the residual drain to source 

current present at V c ■ V would have to be utilized to modify the MOSFET 

IT i 
equations. This can be done by replacing IDS with 1^ - Ip,,, where IDS is the drain 

T 
to source current observed before illumination and ID„ is the residual drain to 

source current.  In figure 9, IDS versus V  is plotted in the linear region 

for both the indium center neutral and negative.  By employing the ideal MOSFET 

equation in this region, equation 9, we not-; that V  =* V_ + V g/2 when 1  = 0. 

The change in threshold voltage, AV , can then be determined directly from figure 

9 by noting that VJ" - 5.8 - .075 - 5.73 volts and v£ = 18.AS - .075 - 18.4 volts. 

&V is therefore equal to 12.67 volts. 

The photocurrent in the saturation region of operation is shown plotted 

as a function of gate to source voltage in figure 10.  This curve follows closely 

the functional form suggested by equation 13.  The linear portion of the curve 

is shown extrapolated to V  " V + AV /2 - 6 volts when Al  » 0.  The initial 
GS DS 

XEv« threshold voltage was determined from figuve 7 by plotting the •'J^c versus 

V_c for a particular V__.  According to equation 10, the intercept on the V L>b Do bo 

axis will directly yield V    as  is  shown in figure  11.     Solving for AV    yields 

i 

. 

AVT - 2(VGS - V^) = 2(6 - .15) - 11.7 volts. (17) 

which is in good agreement with the value of AV determined from the linear 

characteristics of the IRFET.  The theoretical value of the change in threshold 

voltage between the two charge states may now bo determined.  With N ■ 2.6 x 

10 /cm and N  »1.6 x 10 /cm , equation 6 gives us a predicted value of 

AV- ■ 18.7 volts, which is also in good agreement with both of our experiniontally 

-26- 
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observed values.  Since the ideal MOSFET equations exhibit their greatest de- 

gree of error in the saturation region, the above results strengthen the credi- 

bility of our mathematical model. 

The impurity concentrations used above were determined experimentally from 

a plot of /V^ versus V .  If we assume that the surface potential, 0 = 20 , 1 s    r 

is approximately equal to 0 at low temperatures, thn from equations 2 and 3, 

we see that the threshold voltage is a function of back gate bias voltage through 

the term A^".  Differentiating each term in equation 9 separately, the following 

relations are obtained; 

and 

dV, 

BG 

■ c AT 
A (18) 

dV' 

d^7 BG 

- C /N. + NT A   In (19) 

wnere 

B/fi 
BG  * 

In figure 12 a plot of VT versus ^Tjl has been made for the case when 

the Indium centers are neutral (Nj = NA) and for the case when the indium centers 

are negative (Nj - NA + N^).  From an examination of equations 18 and 19, the 

effective dopings for both charge states can be determined from the slopes of 

the lines in figure 12. 

IRFET RESPONSIVITY 

In order to achieve a high responsivity, the IRFET should be operated in 

the saturation region where the photocurrent, A^ , is independent of the drain 
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to source voltage.  Since the IRFET integrates the incident Infrared photon 

flux, an expression for the incident input energy, E  , becomes 

Eln-» 
ha) • A, (20) 

where A corresponds to the active area of the device (W'L).  At the end of an 

integration period, t, the drain to source current will have changed by an amounl 

equal to &lDS(t).  The expression for the output power, P  , may now be written 

as: 

Pout " Ks(t>l • VDS ' (21) 

The fact that Al  will remain constant until reset and thus can be read for 

an indefinately long periou of time following integration allows us to propose 

the following definition of IRFET responsivity: 

RESPONSIVITY = OUTPUT POWER/INPUT ENERGY. (22) 

For illustrativ • purposes, let us consider the case where the incident 

infrared radiation is of 2.066 microns.  From figure 6, this corresponds to 

a photoionization cross section of approximately 8.4 X 10"i7 cm2.  The device 

specifications and operating conditions ar» as fallows: 

T = A20K 

X - 5A00A0 o 

W/L - 8.17 

W • L « 2.5 X 10"3 cm2 

VDS - + 18 volts 

and 
VGS - + 16 volts 

'BG - 3 volts. 

The decay time constant, T, was determined experimentally to be 3.35 seconds, 
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Therefore, by employing equations 1 and 16, a value for the incident photon 

flux may be determined as follows: 

$ - hu 
o. o. 

T (O ) 

h(2TT) (2.998 X 10 /2.066 X 10 6)  0 _    -4       2 
 * • ZT? *■ " 3.42 X 10 ^ watts/cm^   (23) 

(3.35)(8.A X 10 1/) 

Employing equation 20 for an integration time much less than T, such as T/10, 

the input energy is found to be 2.86 X 10"7 joules. 

For an integration time of T/10, the photocurrent, AIDS was determined 

to be .86 mA.  Therefore, by employing equation 21, the output power becomes, 

Pout " (0-68 X 10"3) (18) - 12.2A milliwatts. (24) 

The responsivity for this particular case may now be calculated according to 

equations 22. A responsivity of 42.8 milliwatts per microjoule was obtained. 

Much higher responsivities are expected at longer wavelengths since the 

magnitude of the photoionization cross section peaks between A and 5 microns. 

In addition, since the photocurrent depends only upon the integration time, 

the effective gate voltage, and the w/L ratio, it will always be the same 

for the same incident photon flux.  However, the output power will increase 

with increasing VDS and the input energy will decrease as the area ( W- L) 

decreases.  Therefore, much higher responsivities can be obtained for smaller 

devices with a constant W/L ratio. 
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CONCLUSION 

The analytical model of the IRFET, that has been developed, has been shown 

to characterize its operation with an appreciable degree of accuracy.  The 

greatest amount of error is incurred within the ideal MOSFET equations.  These 

equations were derived by assuming that the surface carrier mobility was in- 

dependent of the applied gate voltage and that the net charge in the deple- 

tion region, QB, was constant along the channel length.  Unfortunately, this 

is not the case and the equations can be made more representative of the IRFET's 

operation if these effects are taken into consideration [8].  However, such 

refinements unnecessarily complicate the IRFET model for the degree of accuracy 

that is commonly required in most applications. 

The basic operating mechanism of the IRFET is impurity photoionization. 

If we assume that the charge at the gate electrode and the positive surface- 

state charge at the silicon-silicon dioxide interface are fixed, the infrared 

detecting capability of the IRFET can be explained simply on the basis of charge 

neutrality in the depletion region.  Referring once again to Figure 2, the 

charge in the surface inversion channel, QCH, is negative since this is an 

n-ch.nnel device.  Therefore, as QB becomes increasingly negative due to the 

photoionization of the indium centers, the charge in the channel must becone 

increasingly less negative.  This corresponds to a loss of electrons from the 

surface inversion region which results in decreased conductivity between source 

and drain and a net decrease in drain to source current. 

This new type of infrared detector is an Integrating device which exhibits 

static read only memory capabilities.  Large scale integrated detector arrays 

are feasible since the IRFET is based upon existing silicon technology.  In 

addition, the utility of the IRFET can be extended to the far infrared, the 8 

to lit  micron wavelength range, through the use of a gallium dopant as prelimi- 
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nary research suggests [l].  It is expected thai ■ simple mathematical mode] 

of the gallium-doped MOSFET will be developed which is similar in form to the 

model presented in this report. 

There is considerable scatter in the experimental points in the cross 

section in Figure 6, as well as extending the measurements to longer wavelengths 

this work will have to be redone. 

-35- 

" ■  -  ■ - 



■Mui i <>ipmHiiiiMW«i <mmM 

n     UM ^iii ■maiffn   "t i 

■^ MPI 

— - II 

REFERENCES 

1. L. Forbes and J. R. Yeargan, "Design for Infraied Sensing MOSFET," IEEE 
Transactions on Electron Devices, Vol. ED-21, No. 8, pp. 459-462, August, 
1974. 

2. W. C. Parker, L. L. Wittmer, J. R. Yeargan, and L. Forbes, "Experimental 
Characterization of the Infrared Response of Gold-Doped Silicon MOSFETs 
(IRFETs)," Late News Paper No. 4.8, IEDM, Washington, D. C, December, 
1974. 

3. 

4. 

6. 

7. 

9. 

10. 

11, 

12. 

13. 

14. 

15, 

W. C. Parker and L. Forbes, "Experimental Characterization of Gold-Doped 
Infrared Sensing MOSFETs," IEEE Transactions on Electron Devices, to be 
published. 

L. Hardeman, "How Optoelectronic Components Fit In The Optical Spectrum," 
Electronics, pp. 109-114, October 11, 1973. 

A. S. Grove, Physics and Technology of Semiconductor Devices. New York: 
John Wiley and Sons, Inc., 1967. 

L. Forbes and L. L. Wittmer, "Experimental Verification of Operation of 
the Indium Doped Infrared Sensing MOSFET," IEEE Transactions on Electron 
Devices, Correspondence, to be published. 

W. Shockley and W. T. Read, "Statistics of the Recombinations of Holes 
and Electrons," Phys. Rev., Vol. 87, p. 835, 1952. 

W. N. Carr and J. P, Mize, MOS/LSI Design and Application. Texas Instru- 
ments Electronics Series, New York: McGraw-Hill Book Co., pp. 1-58, 1972. 

C. S. Fuller and J. A. Ditzenberger, "Diffusion of Donor and Acceptor Ele- 
ments in Silicon," J. of Applied Physics, Vol. 27, No. 5, pp. 544-553, 
May, 1956. 

L. V. Azaroff and J. J. Brophy, Electronic Processes in Materials. New 
York: McGraw-Hill Book Co., pp. 220-223, 1963. 

F. Crum and J. Cameron, "Detector Intercomparison Results," Electro-Optical 
Systems Design, pp. 82-84, November, 1974. 

R. Newman, "Optical Properties of Indium-Doped Silicon," Phys. Rev., Vol. 
99, No. 2, pp. 465-467, 1955. 

E. Burnstein, G. Picus, B. Henvis, and R. Wallis, "Absorption Spectra of 
Impurities in Silicon-I, Group-Ill Acceptors," J. Phys. Chem. Solids, Vol. 
1, pp. 65-74, 1956. 

H. Barry Bebb and R. A. Chapman, "Application of Quantum Defect Techniques 
to Photoionization of Impurities in Semiconductors," J. Phys. Chem. Solids, 
Vol. 28, pp. 2087-2097, 1967. 

S. Wang, Solid-State Electronics. New York: McGraw-Hill Book Co., pp. 
188-192, 1966. 

-36- 

ftMMHMHai «tM^UMHMM ■ i ^ML 



'"' ' ■ •■•> ■ ■iiip.p^i 9mii^imm^^mmmmmm***^mm^mmmmtim& 

GALLIUM DOPED DEVICES 

GALLIUM DOPING BY DIFFTNTnM FROM DopED nyTnR ^„„„^ 

INTRODUCTION 

The objective of this study was to establish a process for producing double- 

doped (Galliun. and Boron) n-channel MOSFET's.  The approach was to begin with 

P-type boron wafers and diffuse phosphorus for the source and drain regions and 

Galliuro in the channel region under the gate. Galliu,» diffusion differs fro. 

the conventional diffusion process (such as boron ahd phosphorus) encountered in 

se.iconductor .anufacuring in that galliu. out diffuses rapidly when silicon 

is thennally oxidized and silicon dioxide does not mask gallium [1].  The 

diffusion constant of gallium in Si02 is estimated to be a factor of 12 greater 

than its diffusion constant in silicon Cl].  The Si02 is therefore transparent 

to the gallium for practical purposes.  The diffusion constant of gallium in 

silicon is   four times     that of boron at the same temperature. 

Our approach to the problem was to process the boron-doped wafer in the 

normal manner for producing an n-channel MOSFET until the contact holes are 

opened.  At this point a liquid diffusion source (gallium and siliCafilm) is spun 

over the entire wafer. The wafer is allowed to dry and then subjected to a 

predeposition drive-in cycle. According to the manufacturer [2], the source 

produces a co-error function distribution for predeposition time up to one 

hour C2]. After predeposition. the gallium silicafilm is removed by 

etching and a drive-in step performed to bring down the surface concentration 

somewhat and produce a deeper more uniform diffusion profile.  It was found 

that the gallium is violatile at high temperatures and the wafers must be 

stacked during predeposition to prevent out diffusion. To insure that the 

gallium does not invert the Source and drain regions, a phosphorus source 

with a surface concentration higher than the solid solubility of gallium is 

used. 
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After the drive-in step, the wafer is again etched slightly to remove 

any oxide formed in the contact holes.  The entire wafer is exposed to the 

final two etchings and gate thickness varies considerably by this process. 

After etching, aluminum is deposited on the wafer and a masking sequence per- 

formed to produce the metal contacts.  The devices are now ready for moun/ing 

and testing. 

The section below describes the experiments performed and the results in 

establishing the Gallium process. 

VERIFICATION OF GALLIUM DOPING 

Many MOS capacitors were fabricated on P and on N-type silicon wafers. 

Gallium was predeposited on the wafer surface for various periods of time. 

Also the drive in diffusion period was varied.  The oxide thickness was varied 

between 2000A0, 3000A0 and AGGOA0.  The gallium diffusion in the Si wafer was 

observed with satisfactory concentrations after the following experiments were 

performed using N-type Si wafers and then growing 3000A0 of Si02.  Gallium pre- 

o 
depositions were carried out at a temperature of 1200 C.  Gallium drive-in 

diffusions were carried out at a temperature of 1150oC.  Predeposition time 

periods of 15, 30, and 60 minutes were tried, along with drive in time periods 

of 30 minutes and 60 minutes. 

The object wafer was stacked between two buffer n-type wafers during the 

predeposition and drive-in periods, to prevent gallium from escaping from the 

surface during heat treatment. 

The result of this experiment was a definite surface inversion; verified 

by moasuring the capacitance characteristics of the capacitor versus voltage. 

The C-V characteristics corresponded to p-type surface instead of an n-type 

surface, see Fig. 1. 

From the recorded C-V characteristics of the MOS capacitor. Fig. l}and 
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from the normalized minimum capacitance versus oxide thickness for ideal MIS 

diodes under high frequency condition,Fig. 2, determination of the wafer doping 

after gallium diffusion was possible [1]. 

C min m    Cmin „ 118 m 

C4     Cmax  125 
0.944 (1) 

The oxide thickness can be determined from 

C   ■ C  - ££,. d max   ox  v-r  0x 

where, Cox stands for oxide capacitance; A stands for area; d0x stands for 

oxide thickness; and ^:r stands for the premittivity. 

(2) 

-3 
The capacitor had a diameter of 40 mils and an area of (8.107 X 10  cm ), 

thus; 
2.83 X 10~15 

'ox 'ox 2260A (3) 

and from Fig. 2,   the doping ±a 

NA ■ 1018 cm"3 (4) 

16  -3 
Since the original substrate doping was less than 10  cm  ; then we conclude 

1«  -3 
that the resultant gallium doping is around 1010 cm 
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10,000 

d(A) 

Normalized   minimum   capacitance    versus 

oxide   thickness   for   ideal   MIS   diodes 
under   high-frequency   condition. 

AFTER SZE   (4) 

FIGURE  2 

-41- 

—'*"*•■*'—■'   ■■    ■ ■ —     -       . 



w 'i m^~*>~^^mmmmmm*mmm*mm'~**~*~^^m^*mvm~mi^mmmmmmmm 

GALLIUM DIFFUSION PROCESS FOR p-TYPE WAFERS 

The following Is a description of the fabrication procedure of MOS 

capacitors and MOSFET's on p-type silicon substrates. 

A.  Fabrication of MOS Capacitors (Boron, Gallium) 

The following is a description of the fabrication procedure for MOS 

capacitors. 

1. Oxide growth (4000A0 Si02) - See Fig. (3). 

The p-type Silicon Wafer is processed as follows in the oxidation 

furnace. 

a) 20 Minutes dry oxidation at 1100oc 

b) 60 Minutes wet oxidation at 1100 c 

c) 20 Minutes dry oxidation at 1100Oc 

d) 30 Minutes aneal in N2 at 1100
Oc 

2. Coat with Gallium Silicafilm - See Fig. (4). 

The wafer is placed on the spinner.  Eight drops of Gallium 

Silicafilm are deposited on the wafer while spinning at 3000 

rpra for ten seconds. 

The film is left to dry at room temperature for one hour. 

3. Gallium Diffusion - See Tig. (5) and (6). 

The wafers are stacked and placed in the diffusioi. furnace. 

a) Predeposition—30 minutes at 1200 c 

b) Remove the Gallium Silicafilm by etching in a buffer solution 

(1:4 HF:NH4F) for one to one and half minutes 

c) Drive In diffusion—60 minutes at 1150 c 

4. Metalization and photolithography to obtain a capacltoi- with a 

guard ring for surface accumulation - See Fig. (7). 
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First   Step 

4000A0 mf SiO, 

I Si   Wafer J 

FIGURE 3 

Second   Step 

|      Si  Wafer 

Gallium  Silica   Film 
SiOg 

FIGURE  4 
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Third   Step 

I2000C 

Gal. film 

y 

j buffer  wafer 
r   of the same type 

as the coated waffers 

Predeposition    at   I2000C for 
30 minutes 

Stacked   wafer    arrangement 
in  the  diffusion   furnace 

FIGURE  5 

Fourth   Step 

SiO, 

II500C 

S'   Wafer s 
Drive  in  diffusion  for   60 min. 

FIGURE  6 

Capacitor 
$ 40ml 

Guard   ring   for   surface 
accumulation 

FIGURE   7 
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B»  Fabrication of Double Doped, MOS-FET (Boron, Gallium): 

The following is a description of the manufacturing procedure for MOSFET's, 

1. Clean surface of Si-p-type wafer. Boron doped - See Fig. (8). 

2. Oxide growth 7000A0 Si02 - See Fig. (9). 

a. 20 minutes dry oxidation 1100 c 

b. 180 minutes wet oxidation 1100 c 

I    c.  20 minutes dry oxidation 1100 c 

d.  30 minutes aneal in dry N- 

3. Photolithography 

Photoresist masking step to open the source and drain diffusion 

areas in the oxide - See Fig  (10). 

4. Phosphorus  diffusion - See Fig. (11). 

a. Coat the surface of the wafer with phosphorus silicafilm.  4 

to 5 drops of the 'phosphorus  silicafilm on the surface of the 

wafer while spinning at 3000 rpm for ten seconds.  (This process 

is repeated two tines and the wafer then baked at 200 c for 15 

minutes to dry the phosphorus film.) 

b. Predeposition—one hour at 1100 c 

c. Remove the phosphorus silica film by HF etch 

d. Drive in diffusion—one hour at I100Oc - See Fig. (12). 

e. Etch 4000 A of the oxide without exposing the gate area.  (This 

protects the surface and avoids surface inversion during the 

gate oxidation process due to phosphorus evaporation.) 

5. Grow 3000OA gate oxide (See step 2) - Sec Fig. (13). 

6. Photolithography 

Photoresist masking step to open the conr.u't holes in the oxide of 

the source and drain regions - SöO Fi;-,. ; :'i). 
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7.  Gallium Diffusion - See Fig. (13). 

a. Deposit 8 drops of the Gallium sillcafUm on the surface of the 

wafer while spinning at 3000 rpm for ten seconds. 

b. Dry the gallium film at room temperature for one hour. 

c. Predeposltlon - 30 minutes at 1200oc. 

d. Etch the slllcafilm. 

e. Drive in diffusion - 60 minutes at 1150 C in dry N2 with 10X oxygen 

flow. 

8. Etch 700AO of Si02 from the surface. 

9. Metallzation and photolithography to establish separate contacts with 

source» drain regions and gate oxide. 

The following modifications were also carried out to reduce the number of 

gate shorts and to increase the yield of the double doped MOSIT/T fabrication 

process. 

1. Sulfuric acid was used to remove any remaining gallium at the surface 

of wafer after the etching step. 

2, Growing the gate oxide while driving in the gallium, thus eliminating 

the separate Ga drive in step in the above process. The gate oxide growth 

was carried out ac  follows: 

15 min. dry oxidation 

60 min. wet oxidation 

20 min. N2 aneal 
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(Boron  doped) 

FIGURE 8 

Opening  the source 
and drain regions 
in the oxide. 

FIGURE  10 
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regions 
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opening   contact   holes 

FIGURE 14 

the   device   after 

Gallium   film  predeposiiion, 
etching   and   drive   in 

-Gallium   silica  film 

&„ ,y/„. ,///„ M 
VÖ7     VD7     ^D/ 

FIGURE  15 

metalization 

FIGURE  16 FIGURt:   17 

-48- 

ita M^M mm 



"" ' ll,l>l nqmmiPNnippiiWMiniFn9>«n«OT*n*iL igi i Ulm.   umn  i ■ m 

■>iii — 

GALLIUM DOPED MOSFET AT ROOM TEMPERATURE 

The MOSFET*s that were fabricated according to the process described 

above, were mounted and measured at room temperature. The I-V characteristics 

of one of them is shown in Fig. 18.  By measuring the threshold voltage at 

various back gate voltages, the Ga concentration was estimated to be =1017cm~3, 

CONCLUSIONS 

Based on these experiments we conclude that gallium doping of p-type 

silicon wafers can be achieved by gallium diffusion through an oxide from a 

doped oxide source. 
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PRELIMINARY RESULTS ON OPERATION OF THE GALLIUM DOPED INFRARED SENSING MOSFET 

Some preliminary low temperature meaauiements have been made on the 

characteristics of the gallium doped MOSFET's described in the previous section. 

These measurements are similar to those described previously in the section on 

the experimental verification of the operation of the indium doped infrared 

sensing MOSFET.  Here, however, the ionization energy is smaller and lower 

temperatures of operation are required. 

Fig. 1 shows the curve tracer characteristics corresponding to the two 

distinctly different charge states of the gallium center. The dashed lines in 

Fig. 1 correspond to the case where the gallium centers are in the neutral 

charge state following accumulation of the surface by applying a negative gate 

voltage. The dark line in Fig. 1 corresponds to the case where the gallium 

centers have been allowed to emit holes to the valence band and the gallium centers 

are ionized or in the negative charge state.  The increase in the space charge 

in the surface depletion regions results in an increase in threshold voltage 

of the MOSFET and consequently a decrease in the conductivity. The observation 

of two distinctly different conductivity states associated with different 

gallium charge states essentially amounts to an experimental verification of 

operation of the gallium doped infrared sensing MOSFET (IRFET). 

Fig. 2 shows preliminary results on the measurement of the time constant 

associated with the thermal emission of holes from the gallium centers.  In 

making these measurements, relatively fast time constants, in the millisecond 

range, have been employed.  Not only are these easier, since they correspond 

to higher temperatures but it is believed they are more representative of the 

actual operating conditions under which the IRFET might be employed.  The 

gallium doped devices are anticipated to have a peak optical response in the 

8 to 14 micrometer wavelength range. At these wavelengths the signal or phouon 
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GALLIUM-BORON    DOPED   MOSFET 

VBG = 0.0  VOLTS 

T s 24.5 0K 

11- 
> 
o 
< 

5 
CO o 

Fig. 1 I-V Characteristics of a double doped, gallium and boron doped, 

infrared sensing MOSFET (IRFET).  Dashed lines, galliuir. neutral; 

solid lines, gallium negative charge state. 
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flux from a 300oK blackbody source is very large and consequently under 

normal operating conditions the signal photon flux incident on the detector 

is very large.  This would result in relatively speaking fast discharge times 

for the gallium centers. 

Also shown in Fig. 2 are our previous results for the gold donor and 

indium levels in silicon. The time constant associated with the decay is the 

reciprocal of the thermal emission rate, and the slope of the lines are 

proportional to the ionization energy of the impurity center. A relatively 

strong field dependence has been observed in the thermal emission rate for 

holes from the gallium center. 

All aspects discussed and presented in this preliminary report on the 

gallium center are currently under further investigation. 
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APPLICATION  CONSIDERATIONS  6.  NOISE 

The report on the considerations involved in the application of  the 

IRFET as an infrared detector is divided into two parts,   these are 

(i)    Theoretical Background Limited Operation of Solid-State 

Infrared Detectors and Imaging Arrays, 

(ii)    Noise Measurements on Infrared Sensing MOSFET's. 

In the fivst,it is shown that ALL surface type solid-state infrared 

imaging detectors  theoretically have essentially  the  same maximum obtainable 

signal to noise ratio.     This  limit is imposed by shot nolce due to the 

background flux. 

In the second, measurements have been made  to  identify the dominant 

noise mechanisms  in the  IRFET.     It has been observed  that  two noise sources 

are important,  shot noise,  and 1/f noise.     It has been shown that shot noise 

exceeds 1/f > oise for a wide range of operating conditions,  namely for  the 

shorter integration periods and higher photon fluxes,   indicating that  the 

IRFET could  indeed be operated under background  limited conditions. 

To facilitate discussion of  the theory and experiments on noise,   a  list 

of symbols follows defining the variables employed,  along with their 

corresponding units. 
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LIST OF SYMBOLS 

A Area of  individual detector,  cm. 

Ajp Area of  image plane,  cm. 

BW,v Bandwidth,  sec."1 

C0 Oxide or insulator capacitance, farads cm."^ 

D* Detectivity, cm. sec-^ watt" 

e0 Electric permittivity of free space, farad cm. 

e° Optical emission rate, sec.- 

fmB Signal photon energy, joules 

-2 ^ (ifj) Root mean square (rms) noise current, amps. 

(in_N)'
i   rms drain to source noise current, amps. 

I Mean or average current, amps. 

IpS Drain to source current, amps. 

Kg Relative dielectric constant of silicon 

KQ Relative dielectric constant of oxide 

L Channel length, cm. 

n Number of points in image 

N Background photon flux, sec."1 cm.~^ 

N. Acceptor impurity concentration, cm.-^ 

NEP Noise equivalent power, watts 

Ns Surface charge density, cm."2 

N,-«, Impurity concentration, cm.~3 

q Electronic charge, coulombs 

QCH Charge in channel, coulombs 

(Qj^) rms variation in charge , coulombs 
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LIST OF SYMBOLS (CONT'D) 

Integration Time, sec. 

SfcpÄEjj,^ 

TF 
Frame time, sec. 

■ 

Ts Sample time, sec. 

S/N Signal to noise ratio 

VßG Back gate or substrate bias, volts 

VDS Drain to source voltage, volts 

VGS Gate to source voltage, volts 

vT Threshold voltage, volts 

w Gate or channel width, cm. 

wd Depletion region width, cm. 

xö Oxide thickness, cm. 

A Indicates change in quantity following symbol 

n 

w 

0 

T 

Quantum efficiency 

2    -l    -1 
Mobility, cm.  volt  sec. 

2 
Photoionization cross section, cm. 

Time constant, sec. 

Fermi potential, volts. 

Signal photon flux, sec.   cm 

Surface potential, volts 
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THEORETICAL BACKGROUND LIMITED OPERATION OF SOLID-STATE INFRARED DETECTORS 

AND IMAGING ARRAYS 

INTRODUCTION 

The ability of infrared imaging arrays to detect signals from the de- 

sired scene is limited in terrestial applications by the noise resulting 

from the background illumination assuming that this background radiation is 

uniform. Historically, of course, the simplest technique for infrared imaging 

has been to mechanically scan the scene across a single detector of area. A, 

where the bandwidth, BW, of the signal amplification system is determined by 

the number of points in the scene and scan rate.  This leads to the definition 

of a relative figure of merit for comparing detectors as the detectivity or 

D* = (A)1* (BW)ls/NEP, where NEP is the noise equivalent power. [13.  This con- 

cept is in reality, however, only useful for the classical system where the 

scene is scanned across a single detector or line array of detectors.  In 

the case of the newer types of devices as for instance, charge-injection diodes. 

CID's, [2.3], charge-coupled devices, CCD's, [3,4,5] or infrared sensing field 

effect transistor's, IRFET's [6,7,8] there is no well defined single bandwidth 

but on the other hand two bandwidths, one associate with the integration period, 

T , and one associated with the sample period, Tg. 

The objective of this repo-t is to consider the more general case and 

specifically derive the noise equivalent signal power, NEP, for arrays of CID's 

or CCD's, and IRFET's employed in infrared imaging arrays.  This is particularly 

relevant since concern has been expressed over saturation effects in these de- 

vices due to background radiation, [3,4], it will be shown however, that the 

NEP for these types of imaging arrays can be orders of magnitude smaller than for 

a single photodlode or photoconductor system.  This would thus allow the use of 

large F/number or narrow bandwidth optical systems and consequently orders of mag- 

nitude less background radiation incident on the array. This low NEP results from 
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the much btnaller effective bandwidth if large number of integrating detectors 

are employed rather than a single de'.ector. 

Since we are dealing with the theoretical limit on the operation of in- 

frared imaging detectors due to background radiation it will be assumed that 

the dominant noisa mechanism is shot noise due to thij background.  Photon noise 

will not be considered since It only introduces a small additional factor similar 

to the shot noise, [1] and other types of noise as 1/f, Johnson, and generation- 

recombination will also not be conb/dered.  Each of the three different types 

of imaging techniques will be treated separately where the area of the scene 

in the image plane, AIp, and frame time, T?,  background photon flux, N, number 

of points or elements in the scene, n, quanta, efficient, n, and signal pho.on 

energy>r;ws are the parameters for the inking application. 

MECHANICALLY SCANNED SINGLE PH0T0D10DE OR PHOTOCONDUCTOR 

This is the classical case and the NEP for a single detector [1] is 

NEP -/ffw   (2N A  BW/n)i5 (1) 

however, the area of the detector in an imaging application must be A = A /n 

where n is the number of elements in the scene and the bandwidth of the s/stem 

must be large enough to accomodate these n data points in the frame time.  There- 

fore, BW - n/TF and  th-n: 

NEP ^ws(2N AIp/n TF)' (2) 

watts for each point in the scene.  This is the total amount of power which 

must be received from the scene over an area A, of the detector, for the signal 

to be comparable to the shot noise. 

INTEGRATING DYNAMIC CHARGE STORAGE DEVICES, CID's, or CCD's 

Suppose an array of CID's [2, 3] ov CCD's [4, 5] is fabricated on an ex- 

trinsic semiconductor and employed in an imaging application.  Each of these 
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n elements will inteKratü the photocurrent over the frame time and then be rend 

out during some sample period, Tg = Tp/n, so that all can be read for eacb frame. 

If the quantum efficiency is n, then the average photocurrent in each detector 

of area A is, I = qpAN, this will result in a mean square noise current given 

by Carson's Theorem as 

i^ = 2q I/Tj = 2q2nA i/t (3) 

This will further result in an uncertainty in the charge stored by each detector 

at the end of the integration period of 

^l)h " (^ 'i ■ (2q2nA wtjh w 

when this charge is read out the root mean square noise current in the sample 

period, T  will be 

(I^ sample " ^ > \ 

(^)i5 sample = ^  "l^s^ 
2s,i 

(5) 

(6) 

On the ether hand the signal will result :.n a photocurrent in the sample period 

of 

Signal = ^A * W (7) 

Equating these two yields the signal flux, */cra2 sec, corresponding to the 

NEP and then, 

NEP =^w  (2N A/(nTT))^ watts 

In the imaging application, A = A /n, TT = T_. and 

NEP -'JW, (2N AIp/(o TF n))^ watts 

(8) 

(9) 

for each point in the scene.  Obviously, the NEP given by this last equation 

is reduced by the factor r** over that of a mechanically scanned single detector. 

This might well have been obvious since the effective bandwidth has been dras- 
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tically reduced since each detector can integrate over a time period which is 

n times longer than that of a mechanically scanned single detector which can de- 

tect the signal from each element in the scene only over a short time period. 

The signal to noise ratio can be obtained by taking the ratio of the signal 

current to Eqn. 7 to the root mean square noise current given by Eqn. 6.  In 

an imaging application, <I> » N, and this yields, 

S/N = (n A • * • TI/2)
15. (10) 

The maximum signal to noise ratio is limited by saturation of the device due 

to its limited charge storage capability.  If C0 is the gate insulator capaci- 

tance and A \|/  the maximum allowed change in surface potential [3] then, 

n * Tj = C0 Aij^/q = Ns (11) 

where N is the surface charge density et  saturation.  This gives 

S/N = (Ns A/2)\ (12) 

The maximum signal to noise ratio depends only on the surface charge storage 

density and the area of the element in the imaging array. 

INTEGRATING ACTIVE STATIC CHARGE STORAGE DEVICE, IRFET 

The infrared sensing MOSFET, IRFET [6,7,8], will integrate the signal as 

in the previous case and at the end of this integration period there will be 

a change in drain to source current, AIDS, in the linear region given by: 

-AIDS = iiC0 (W/L) AVDSAVTTT oN (13) 

where y is the effective surface mobility, C0 the oxide capacitance, W/L the 

width to length ratio of the channel, AV- is the maximum possible change in 

threshold voltage, o the photoionization cross section, Tj the integration period, 

and N the background flux.  However, the change in threshold voltage is due to a 

change of charge in the channel of the device and there will be associated with 

this, as before in the CID or CCD, some uncertainty in this change in charge due 

to shot noise. 

> 

l^MMBBi ^MHMM 



11 ll1111* "'■ll" mmmmm 11 " '«w  in HWII i" NMM 

As shown in Figure 1, in the infrared sensing MOSFET, the emission of holes 

from impurity centers in the surface space charge region will induce a change 

of charge in the channel or inversion layer.  This change in charge,AQCH can be 

written Aq^l T^., where I is the average source current. By taking into account 

the displacement current, or change in width of the surface depletion region 

[9], it can be shown 

I = qo N^NW L/2 (U) 

and since the quantum efficiency, n, is just 

n = aNTT Wd (15) 

then 

I = q n W L N/2 (16) 

Since this is a time dependent process, then by Carson's Theorem there will 

be a root mean square noise current 

(jj)  = (2 q T bv)h  = (q2 n W L N/T^ (17) 

and a possible error in the charge in the channel at end of this integration 

period, T , of: 

^V   = (<i2 ^ w L N/T^ r. 

In the linear region of operation. 

(18) 

IDS = MCo (W/L) (VGS - VT) VDS = „ QCH VDS/L
: 

(19) 

'CH 
Co (VGS " VT) 

w L coulombs (20) 

ion A possible error of charge in the channel (^)'5 at the end of the integratic 

period will result in a root mean square noise current in the sample period of: 

r2 Jt ö2^ „ „2 (W  " " %y  VDS/L (21) 
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Figure 1.   The Infrared Sensing MOSFET Showing Source; and Subttrate 
Current,  I, due to Emission of Holes From Impurity Centers 
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. V (q2 n W L N T^^/L2 (22> 

The signal current in the sample period will be 

i ,   . = w C  (W/L) V_Q AV o* T (23) 
signai     o      Db  i    i 

and equating the signal and noise to determine the noise equivalent power yields 

(24) 

However, AV , can be expressed in terms of the oxide thickness and doping 

* = (l/(0CoAVT)) (q2 n N/(W L T^)*4 

densities [6,8]; 

AVT * V/V   miW + |V
BGI

)
 ^ V<K«*o)),|0,TT/20,4))    (25) 

then 

AVT ■ q Wd NTT/(2Co) ^6) 

and $ becomes 

* = (4 N/(W L n TjW' (27) 

and the noise equivalent power, NEP = «"«„s W L, for a single detector 

NEP =>ftw  (AN A/(n TT)) ■ s i 

h- (28) 

This is just a factor of (2)^ different than the cl ssical formula for the shot 

noise limit for background limited operation of a photodiode. 

In an imaging application, A the area of each detector can be just 

A = A /n, and the integration period tj  can be just the frame time Tp and then 

T = T .  The NEP for a single detector or element in the scene is then: 
I   F 

NEP •*»  (A N Aip/(n n Tp))'
5. (29) 

This is a factor of (n/l)*  smaller than that for a mechanically scanned single 

detector. 

Again the signal to noise ratio can be found by taking the ratio of the 

signal current in the sample period, Eqn. 23, to the root mean square noise 

\ 
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mrruiit in Lin- BWplc i>«'ri<)d, i:i|n. ^2, to >',i.vc, 

s/N = (nA * tj/ir, <30> 

The 1RFET will saturate if the product of 4- TI is too large. Saturation will 

be defined to occur when Tj • 2 t ■ 2/(*o) = 2/e°, and using n = o Wd NTT then 

the jT-iximum attainable signal- to noise ratio is 

S/N = (Wd NTT A/2)
55. (31> 

The product Wd NTT is just the change in charge density in the surface depletion 

region, if we let 

then 

NS " Wd NTT 

S/N = (Ns A/2K. 

(32) 

(33) 

Eqn. 33 has exactly the same form as Eqn. 12 since Ng is a surface charge density 

and A is the area of an individual element. 

CONCLUSIONS 

It has been shown that the theoretical background limited (BLIP) noise 

equivalent power for an array of n-detectors, CCD, CID, or 1RFET is reduced 

by a factor of n*5 from that of a mechanically scanned single detector.  Further- 

more, all surface type devices CCD, CID, or IRFET have the same naximum attain- 

able signal to noise ratio, S/N = (Mg A/2) .  The maximum attainable signal to 

noise ratio depends only on the stored surface charge density, which is compar- 

able in all surface devices, and the area of the device.  It is independent of 

the quantum efficiency, n, integration period, TJ,  and all other considerations. 
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NOISE MEASUREMENTS ON INFRARED SENSING MOSFET's 

Measurements on shot and 1/f-type noise mechanisms in an 

infrared-sensing MOSFET (IRFET) are reported.  The results are intcr- 

pretable from a physical understanding of the device operation. 

INTRODUCTION 

If a cooled gold-doped IRFET [1] is preset by turning it off and 

accumulating the surface, then the gold impurity centers are ionized by 

the capture of holes (positive charge state) and remain filled in the 

surface depletion region which results when positive gate voltage is 

applied.  The conductance of the IRFET channel is a function of the 

number of ionized impurity centers in the depletion layer through the 

space-charge dependence of threshold voltage.  As infrared radiation, 

i.e., 1.77 to 3.5A ym, now illuminates the device, the gold centers (donor 

level) in the surface space-charge region discharge by emitting holes 

to the silicon valence band.  The IRFET thus integrates the incident 

photon flux, and at the end of some integration period the drain-tc source 

current in the saturation region will have decreased by an amount 

Al 
H WQ 

DS 
CH 

L C 
AQCH max [1 - «PC««^^)] (1) 

where Alpe is the change in drain current, \i  is the effective surface 

electron mobility, W/L is the geometric width-to-length ratio of the 

r 
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channel. QCH is the charge per unit are. in the channel before illumination. 

C is the oxide capacitance per unit area. AQCH max U the maximum change 
o 

in channel-charge per unit area, t, is the integration time, and TD is the 

time constant associated with emission of holes from the gold donor level. 

The device is analog and the dynamic range is limited only by the condition 

that t! must be less than or equal to 2.3026 y TD is defined as the 

reciprocal of the product $0^. where * is the incident photon flux 

(0/cm2.8ec ) and 0 ^ is the photoionization cross section (cm2) of holes 

trapped at the gold donor level.  However, the minimum detectable photon 

flux is restricted by the noise arising from various sources intrinsic 

to the device, i.e. thermal noise of the conducting channel, shot noise 

and interface-state noise (1/f-type). Since the IRFET is a static, 

integrating detector whose output is a difference signal, extrinsic noise 

sources, i.e.. electrical input noise and bias/reset noise, can be assumed 

negligible as performance-limiting considerations.  It has been predicted 

that infrared-sensing MOSFET's are inherently low-noise devices and 

that the noise introduced does not limit applications of IRFET's in image 

sensingCl]. A series of noise measurements have been conducted in order to 

evaluate the relative magnitudes of the various noise sources in practical 

devices. Noise theory for the background-limited operation of an array of 

IRFET's has been recently developed [21. In this paper are presented the 

results of careful noise measurements in a gold-doped, n-channel. infrared- 

sensing MOSFET, 

EXPERIMENTAL APPARATUS 

The device used in these measurements was made on a (100) orientation, 

p-type substrate of 1-2 ^-cm  resistivity and doped with a gold concentration 

of 2 x 1015 cm"3.  The gate oxide of the MOSFET is 4000 A thick, and the 
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circular channel has an Ö.17 W/L ratio providing an active area oi 

2,5 x 10"3 cm2.  By mounting the device on a TO-5 header fitted in a 

tubular reflective cavity, both frontside and edge illumination was 

possible. 

The experimental arrangement and the equipment used in these 

measurements are shown in Fig. 1.  The upper-corner frequency of the 

Hewlett-Packard DC Micro Volt-Ammeter 425A is 1-Hz (-3db), and the 

lower-corner frequency of the Krohn-Hlte 3750 Filter (high pass) is 

adjustable from 0.02-Hz; therefore, the two instruments provided for a 

variable noise bandwidth.  A Bausch and Lomb tungsten light source 

powered from a variac permitted various photon flux intensities.  The out- 

put signal current and the accompanying noise was measured with the 1RFET 

running continuously and recorded by a Houston Instrument Omnigraphic 

2000 X-Y Recorder.  A 1-IJF, DC-blocking capacitor was attached to the input 

of the X-Y recorder (1-Mfi input impedance) in order to eliminate any drift 

in the high-pass filter/volt meter output.  This circuit attenuated all 

frequencies below 0.159-Hz, thus limiting the magnitude of the 1/f type noise. 

The incident photon flux was determined by noting the time ty required for 

lAIDSi to increase from 0.1 to 0.9 of Its final value (cf. Fig. 2). 

EXPERIMENTAL RESULTS 

Thr overall system noise with the high-pass filter input shortod w.it. about 

8mV    at the volt meter output.  The IRFET was connected in a common 
rrs 

source configuration with a precision 1 kfi load resistor. 

A.  Interface-State Noise 

The flow of electrons from one site to another in the surface channel 

of a MOSFET is a random process aecauste of trapping and emission of carriers 
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by interface stales  [3]. Slow Interface states (oxide states) produce 

noise in IRFET's during integration.  Whenever the device is active, 

both fast and slow interface-state noises are present as a dark current 

with 1/f-type dependence C^]. 

This dark-current noise was observed in different bandwidths for 

170 sec by varying the lower corner frequency of the high-pass filter from 

0.16 to 4-Hz (lOdb gain after 1-Hz) and recording the RMS noise voltage 

across the 1 VÜ  load resistor versus time.  By taking the difference in 

noise current between two observations differing by Af = 0.2 Hz and 

dividing by 0.2 Hz, the dark-current noise was specified for a given center 

frequency in a 0.2-Hz bandwidth.  The results of this series of measurements 

are shown in Fig. 3 (note that 1/f = tj).  Fitting the experimental points 

to a straight line (method of least squares) indicates that the dark-current 

noise in a cooled IRFET varies approximately as (1/f)^  . 

B.  Shot Noise 

By illuminating the IRFET with infrared light, the shot (or quantum) 

noise associated with the optically generated change in the channel-charge 

could be measured.  According to theory [2], this change in charge, 

AQQJ, can be written as 

AQCH(t) = Is tj, (2) 

where Ic is the average source current per unit area.  Due to the random 

arrival of the photons, the mean-square noise current is 

i     = /2 q Is A A V (3) 
n,rms 

where A(=WL) is the active area of the device and Av is the bandwidth.  By 

combining Eqs. (1) and (2) and solving the resulting expression for To, Eq. 

(3) may be rewritten as 

f2 *  AIDS max f1 - exp(-tI/TD)] L C0 A A v 
 ,   (4) 

n*rms ' **m*i 
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or the mean-square fluctuaLion In the channc]-charge per unit area ;.l 

the end of the integration period is 

% rms 

in>  rmS   tl    -     jl q ^IDS max [1 - expC-t^T^lL C0 Av  t| 

V U W Qr« A 

(5) 

where Alno    is the maximum drain-to-source photocurrent.  This possible 

error in channel-charge per unit area. QN>rms. will cause a mean-square 

noise current iDS  frms at the output of 

DSn, rms 

M W QCH 

L C„ QN. rms 
(6) 

during integration.  Eq. (6) should be interpreted as an upper-bound limit 

since the average source current due to the optical emission of holes from 

the gold impurity centers in the surface depletion region is inversely pro- 

portional to the integration time (tj > 0.1 TD). 

A typical result comparing the measured dark-noise and shot-noise 

currents in a bandwidth Av = O.S-Bl is shown in Fig. k.     During illumination 

the noise current is seei. to eventually approach the dark no-se level 

as the length of the integration period im -eases.  In order to observe 

the initia1. shot-noise current immediately alter the IRFET «as illuminated, 

the time scale was expanded (see Fig. 5).  A good agreement between the 

measured shot noise (iafros ~-  0.5 in>p_p) and the theoretical valaes to 

within 16-percent error is observed. 

The expected drain-to-sourcc noise current for  two different 

integration times is plotted as a function of incident photon flux in 

Fig. 6.  Note that the input circuit of the X-Y recorder limits i/f-typ-j 
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circuit noise to approximately 12 mA.RMS (cutott frequency fc=0.159-Hz, 

or tj=6.3 sec); thus, shot noise could still be observed for long integration 

periods. The observed noise current for tI=100 sec is shown as a dotted 

line.  However, the expected actual noise (1/f-type dominant) as would be 

seen by a static-change (DC) meter is much larger, and is shown as a solid 

line.  Also, when tj > 2.3026 TD, the dynamic range of the IRFET is saturated 

and the device can no longer register any incident infrared radiation.  In 

this forbidden range of operation, the shot noise reaches a momentary maximum 

value, which is constant for tj * OpSi > 2.3026 while all the gold centers 

discharge, and afterwards goes to zero; therefore, only dark-noise current 

will be present in the IRFET after time  t= 2.3026 TD. 

The shot-noise limited portions of both curves in Fig. 6 were calculated 

by regarding the product l^t,  as the average change in channel-charge, i.e., 

AQCH ■ Tgtj = AQcH(t)/2, or iDS f^p-p ■ 2/5"times the expected RMS noise 

current from the graph.  For an incident photon flux $ = 6.67 x 10 cnT^sec"^-, 

the theoretical drain-to-source noise current is 348nA, P-P as compared 

to the measured value of 300 nA, P-P in Fig. 5. 

Fig. 6 has been divided into three distinctly different regions which 

are representative of the different operating conditins.  In the saturated 

region the photon flux is too large and the integration period too short to 

allow operation of the device as a photon detector, all the impurity centers 

discharge before the end of the integration period.  In the 1/f noise limited 

region, which corresponds to low photon fluxes and long integration periods, 

1/f rather than shot noise is the limiting factor.  In the shot noise or 

background limited region, which corresponds to relatively speaking higher 

photon fluxes and shorter integration periods, shot noise due to the incident 

photon flux is the dominant noise aiechanism.  It is shown that shot noUe 

or background limited operation of the IRFET can be acheived for Integration 

periods of less than about ten seconds or with photon fluxes above about 
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DISCUSSION AND CONCLUSIONS 

The thermal noise of the conducting channel in an IRFET can be 

neglected (except for very short integration times and small photon 

fluxes) since the device is operated at low temperatures [5,6].  In view 

of the results of the noise measurements above, it seems that the dominant 

noise mechanism for long integration periods and low photon fluxes in an 

IRFET is 1/f.  Shot noise becomes a limiting consideration only for short 

integration periods and high photon fluxes. 

In conclusion, these measurements indicate that the noise levels 

due to shot and interface-state noise sources agree with a physical under- 

standing of the IRFET's operation.  Careful design of output-sensing 

instrumentation and optimization of integration time/photon flux factors 

should enable the broad application of infrared-sensing MOSFET's in 

imaging schemes where background(shot-noise) limited operation is desirable. 
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CONCLUSIONS 

Operation of the gold-doped Infrared sensing MOSFET(IRFET) has been 

demonstrated and treated In detail in previous documents. 

Experimental verification has been provided of operation of the Indium 

doped infrared sensing MOSFET and the optical reponse and device character- 

istics examined.  The results correspond to those anticipated on the basis of 

prevously available information and a design analysis. More work remains to 

be done in extending the optical measurements out to longer wavelengths and 

also perhaps in obtaining wafers with a more optimum doping ratio between the 

Indium i   boron concentrations.  Work Is anticipated to continue on these 

aspects for another three to four months. 

Double doped, gallium and boron doped,wafers have been produced by the 

diffusion of gallium from a doped oxide source into a boron doped wafer. 

MOSFET devices have been fabricated and preliminary results obtained on the 

operation of the gallium doped silicon infrared sensing MOSFET.  These devices 

also appear to work according to the original design proposal and criteria. 

This work Is just getting underway. 

Noise measurements indicate that shot noise or background limited 

operation can be achelved for integration periods of about less than 10 seconds. 

While the resulcs are by no measure complete, on the other hand all results 

obtained up to tnis point in the work indicate that Indeed the IRFET can operate 

in the near, middle, and far Infrared wavelength regions and under shot noise or 

background limited conditions.  These aspects combined with the unique features 

of the IRFET are anticipated to make it usefull in infrared Imaging arrays. 
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