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ABSTRACT

A model is developed for the reponsivity of HgCdTe detectors employed in the
GOES Sounder and Imager instruments. Response non-linearity is related to the
calibrated radiometric accuracy of the instruments. The model, in the form of a computer
code, could be utilized to expedite pre-launch calibration of GOES satellite instruments
and to provide confidence in GOES in-orbit calibration procedures.
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1. INTRODUCTION

Weather information to be provided by the GOES satellite requires the satellite's
instruments to be well calibrated. Instrument calibration requires testing prior to launch in a
space simulation chamber. Measurements are taken over a wide range of chamber radiometric
conditions and instrument temperatures. Pre-launch calibration testing is relatively time
consuming and costly.

A model of the responsivity of the GOES instruments could expedite pre-launch
calibration testing; however, a model that includes instrument response non-linearity has not
been developed. Non-linearity in GOES instrument response is attributable to the HgCdTe
detector and detector preamplifier.

This report describes an analysis of the non-linear responsivity of the GOES Sounder and
Imager instruments and sets forth a collection of equations, or model, given in the form of a

computer code that could be utilized to facilitate pre-launch calibration of GOES satellite
instruments and to provide confidence in GOES in-orbit calibration procedures.

1.1 BACKGROUND
An accuracy goal of 1K in scene brightness temperature makes the GOES instruments
sensitive to small non-linearity in the relationship between incident sensed irradiance and the

measured voltage, or counts. This can be illustrated by differentiating the Planck function with
respect to the temperature, T,

i 0

XT
where N is spectral radiance, c2=14391 um-K, and A is the wavelength in pm. A plot of this

expression for the fractional radiance versus wavelength is shown in Figure 1 for a 1K
uncertainty in T.
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Figure 1. Radiance uncertainty vs wavelength for *1K uncertainty in 300°K scene brightness.




From Figure 1 it is observed that, particularly at longer wavelengths covered by the
instruments, the uncertainty in N must be small (< 5%) to achieve a +1K data accuracy. Only
part of the radiance uncertainty budget is assigned to the uncertainty in calibration. Thus, very
small calibration uncertainties, on the order of a few %, are significant.

The calibration equation converts measured counts (Acounts), taken with respect to a
space or zero radiance reference, to scene radiance. The equation is imbedded in NOAA
Operational Ground Equipment (OGE) computer software. The OGE computer software

converts data to radiance values from the Acount data telemetered to ground from the orbiting
satellite.

In-orbit calibration for GOES is planned to be the same as that used for the AVHRR:
Each instrument will be commanded to sequentially observe space and an onboard blackbody
target. This provides data for determination of two coefficients in the calibration equation. For
the AVHRR the coefficients are the offset and linear terms.

Consider a plot of a calibration equation shown in Figure 2: The plotted equation
resulted from a fit to pre-launch calibration data taken for the 10.3 -11.3 pum channel of an
Advanced Very High Resolution Radiometer(AVHRR) used in the NOAA-7 satellite[Ref 1].
The instrument employs HgCdTe photo-conductive detectors and electronic circuitry that is
similar to the circuitry in the GOES instruments. A non-linearity is evident: The responsivity of
the AVHRR decreases as the radiance value increases. To fit the data the calibration equation

requires use of a constant offset, linear, and quadratic coefficient to relate radiance to Acounts.
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Figure 2. ACounts vs radiance for channel 4 of the NOAA-7 AVHRR at a baseplate temperature
of 10C.

Coefficients of the AVHRR calibration equation have been found to depend on the
background flux impinging upon the detector. Radiometric background flux on a AVHRR
instrument is influenced by the instrument baseplate temperature. In Figure 2 the baseplate
temperature is 10C. At different baseplate temperatures the calibration curve coefficients are

different by several percent.




The AVHRR quadratic coefficient is inferred from the in-orbit instrument baseplate
temperature and a pre-orbit ground test data base. The data base was collected by operating the
AVHRR at various baseplate temperatures in a space simulation chamber. The method
employed by NOAA to determine the AVHRR quadratic non-linearity coefficient is described by
Mike Weinreb et al.[Ref 2].

The GOES instruments require in-orbit calibration updates over a range of fore-optics
baffle temperatures. During certain seasons the instruments carried aboard the geo-synchronous
GOES satellite will be subject to radiation heat loading from the sun. At such times, the sun
appears just out of the field-of-view and partially illuminates the instrument's fore-optics baffle
structure. The sun's illumination will increase the fore-optics baffle temperature and, thereby,
change the radiometric background power on the detectors.

The GOES satellite instruments require in-orbit calibration updates over a range of
detector temperatures. Non-linear instrument responsivity due to HgCdTe detectors will be a
function of the detector operating temperature. A quadratic calibration coefficient which
accounts for the response non-linearity will also depend on the detector operating temperature.
. Temperature of AVHRR detectors is kept constant; however, GOES detectors will operate at
several temperatures(from 94 to 105K) over the course of a year and over the satellite's lifetime.

Correcting calibration coefficients using measurements taken in orbit requires a pre-orbit
chamber test data base that encompasses the range of temperature variations expected in orbit.
Employing a model to extrapolate between instrument temperatures could facilitate calibration
equation coefficient correction using a minimum pre-orbit chamber test data base.

The planned GOES chamber calibration procedure involves measuring the response of an
instrument for a number (<10) of incident flux levels. Each flux level is obtained by changing
the temperature of a black body in the chamber. Allowing the temperature to stabilize at each
level consumes considerable chamber test time.

The number of test flux levels is driven by a requirement to fit the measurements to a
calibration equation. One contribution to the number of flux levels that must be used is an
uncertainty in the form of the calibration equation. A model of the calibration equation could
remove this uncertainty and, thereby, permit use of fewer flux levels.

If Nj is the number of flux level measurements, N¢ the number of coefficients, Oy the

data percent precision, and Of the fit percent uncertainty, then the number of flux levels could be
chosen in accordance with approximately

E.g., for a three-coefficient calibration equation and suitably small O4> @ minimum of ~4-5 flux
levels might be adequate.

1.2 NON-LINEARITIES

There are two causes of instrument response non-linearity: The first is the bias circuit
and preamplifier used to sense the changes in conductance. The second is the departure of




HgCdTe photo-conductors from linearity in response to impinging radiometric flux. This
distinction is of interest because in the past response non-linearity has been individually
attributed to each cause. As will be discussed, it is due to both.

1.2.1 CIRCUIT NON-LINEARITY

Figure 3 illustrates GOES instrument detector and detector preamplifier circuitry. The
circuit employs a photo-conductive detector that, along with a connecting wire resistance,
exhibits a 100 to 200 Ohm resistance, Rg, in one arm of a bridge network The bridge network

serves as the input to a low noise operational amplifier.

The resistance values Ra and R¢ in the second arm of the bridge are chosen to
approximately zero-balance the voltage input to the preamplifier under a quiescent operating
condition.

The bridge resistance in series with the detector, Rb, is used to control the detector bias
current caused by the bias voltage, Vo. The bias voltage is =10 Volts and typical bias currents
employed are =1 to 2 mA. This results in a resistance value of =5000 to 10,000 Ohms. Because
the value of Rp dominates the resistance of the bridge arm the influence of the detector
resistance, Rd, on the bias current is small.

The detector's resistance is a function of the power, Pp, due to incident radiometric flux.
Small changes in the value of Rd due to changes in Pp cause small changes in Rd at the balanced
bridge input to the preamplifier. These changes are sensed and amplified by the preamplifier.
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Figure 3. Simplified schematic of GOES detector and detector preamplifier circuit.

The preamplifier employs a feedback resistor, Rf. The summing junction in the feedback
loop is the negative input to the preamplifier and is tied to node A shown in Figure 3. The
feedback current, If, divides at node A and returns to the preamp through either Ry and Vo, or
through Rc. The feedback current drives the voltage at node A to be equal to that at node B.
Solving VA=VB gives the preamplifier output voltage, V




_v ReRg+Re) [ RdPp) . _Re
V=VYo RaRc \Rp+RdaPp) Ra+R¢ @

Because typically Rb>>Rq and Ra>>Re, Eq.(2) can be written as

Yy B
=..Q 1 -
Ve R, R, (Ra®p-Re) @)
The bridge arm resistance, R{, is the sum of the resistance of the cooled photo-conductor and
that of a thin connecting wire resistance. The thin connecting wire in series with each contact of

the detector provides thermal impedance isolation of the preamplifier circuitry from the
cryogenic cooler that controls the detector temperature.

If Ry is the wire resistance and R is the actual cooled detector resistance, then

Rg=Ry +Rq @
The value of Ry is in the 50-75 Ohm range and is significant with respect to the value of Rq.

A photo-conductor exhibits a conductance, Gd=1/Rd, that equals the sum of a constant,
quiescent conductance plus a photo-sensitive conductance. For an ideal photo-conductor, the
photo-sensitive conductance is linearly proportional to impinging radiometric flux. Circuit non-
linearity in GOES instruments is attributed to the fact that the value of V, indicated by Egs. (2)
and (3), is proportional to Rq rather than Gd. The preamplifier circuit would create a small
response non-linearity even if an ideal photo-conductor were employed.

1.2.2 DETECTOR NON-LINEARITY

Real photo-conductors exhibit a conductance,Gd, that can change non-linearly in
proportion to the incident radiometric flux. Causes of HgCdTe detector photo-conductive non-
linearity include:

1) non-ohmic contacts

2) flux dependence of the Auger relaxation time*

3) flux dependence of the surface recombination relaxation time*
4) flux dependence of diffusion and electric-field carrier sweepout.

The non-linearities considered in this analysis are marked with an asterisk.

It is assumed that a detector exhibits ohmic contacts. Le., it is assumed detector
resistance is substantially independent of the direction of charge flow through the detector.
During manufacture, detectors are tested for symmetry of resistance to forward and reverse bias
to identify and eliminate detectors with non-ohmic contacts.

Flux dependence of diffusion and electric-field carrier sweepout effects can be important,
especially at bias voltages higher than typically employed for GOES detectors. However, the
effect is difficult to model and is discussed in Section 2.3.



Flux dependence of the carrier relaxation times and carrier sweepout is due to the depen-
dence of the Auger relaxation time(the principal carrier relaxation mechanism), the diffusion
coefficient, and the ambipolar mobility on carrier density.




2. MODEL OF CIRCUIT AND DETECTOR NON-LINEARITY

Detector circuit response is set forth as a series expansion in a factor equaling the product
of the HgCdTe responsivity and the radiometric scene power incident on a detector. The
responsivity of the detector is then taken as a Taylor's series expansion around the quiescent
operating point determined by incident background power. The resulting instrument responsivity
expression is related to the calibration equation. Finally, physical causes of the detector's non-
linear responsivity are briefly described.

2.1 ANALYTIC EXPRESSION FOR RESPONSIVITY

In orbit, a reference voltage is determrined with the instrument observing space. Although
radiometric flux falls on the detector due to background radiation from the instrument, the
"space-look"” voltage is used as a reference for zero signal flux incident on the instrument's
optical entrance aperture. When the instrument's optical field-of-view is turned to earth the
difference voltage,AV, between the "space-look" reference and the observed voltage is used to
ascertain the earth scene's radiance.

Data transmitted to NOAA for processing by the OGE is a stream of digital counts. The
counts are derived from an A/D converter onboard the satellite. It is assumed that the A/D
converter is linear and that its voltage resolution is small compared to the required precision of
the data. (The A/D resolution error contributes a small random component to the instrument's
additive noise.)

If at some time, t, a power, Pplt], during observation of an earth scene is incident on the
detector, then from Eqs.(3) and (4) the preamplifier voltage at time t is given by

Vo R
V(®plt]) = 5 ZE (Ru[H+RA(Pplt] ) - Relt]) + Vald (52)

where Vp[t] is a zero-mean random noise. Similarly, if at time t+t' a power Ppl[t+1t7] froma
space reference is incident on the detector then the preamplifier voltage at time t+t' is given by

V@plt+t]) = %ob_%ct (Rwlt+1+Ra@plt+]) - Reltst]) + Vpltst] - (5b)

The Avoltage reported, AV, is taken to be

AV=< V(Pp[t]) - V(Pp[t+t‘]) > 6)

where the brackets < > denote an ensemble average. It is assumed that Equation (6) simplifies to
give

Vo R :
AV = ng_fc <(Rg(Pplt] ) - Rq(Pp[t+t 1)> (7a)
= ‘é—%%cf- (< RgPgltH+Pplt] ) > - < RgPpft+] ) >) (7b)




Vo Rf
==0 _L (R4(Ps+Pp) - Rg(Pp)) (7c)
Ry R, Rd®s+Pb)-RaPp
where Pg is the earth scene power incident on the detector and Py is the quiescent background
power from the instrument environment.

- Equations (7a)-(7c) indicate in a somewhat formalistic way that random, temporal
changes due to noise and variation in circuit parameters are taken to be averaged to zero. In
practice, data from both earth scenes and space reference scenes can be averaged. It is assumed
averaging achieves a reduction of the random and temporal noise to the extent that it does not

contribute to calibration error.

Imprecision of processed in-orbit instrument data must be small compared to the required
accuracy of the radiometric product. To be limited in radiometric accuracy by only a small
instrument non-linearity is, indeed, a significant achievement.

Equations (7) indicate that AV-> 0 as Pg -> 0. However, this has not been observed for
the AVHRR or the SN02 and SN0O3 GOES instruments[Ref 3,4]. Chamber test data indicate a

small offset. ILe., it was observed that AV-> AVffset as Ps -> 0 where AVoffset is a small, but

nonetheless significant, value in comparison to the AV associated with the NEDN and NEDT of
the instruments. A

The AVHRR instruments were tested at the ITT space chamber in Ft. Wayne, IN. If
some periodic electromagnetic interference (EMI) were present or if Pp[t] # Pp[t+t'] then such an
offset might be anticipated. An offset might also be expected if, because of spurious sources of
radiation in the test chamber at ITT, the reference value for Py is not zero as it is assumed to be.

If an offset exists due to the instrumentation, then the offset should be included in the
calibration equation irrespective of a model. (It is not included in the model developed from this
analysis.) If, on the other-hand, the offset is a peculiarity of the tests and is not exhibited in orbit,
it is an aberration that should not be included in the calibration equations. It is not easy to
resolve this issue with the planned two-datum, in-orbit calibration correction procedure. The
offset term presents an issue that is important to calibration; it is recommended that it be further

investigated.

Eq.(7¢) is in accord with the author's understanding of how GOES instruments were
designed to perform in orbit.

The value of Gq depends on the power falling on the detector as well as detector material
parameters:

ApNAp) PP Pp lpw

Gd(Pp)=gSS + qHe | Bo + hc HWL Lc - Rd(Pp) (8)

where

Pp = power impinging on detector, Watts, from photons at wavelength Ap, um
gss = surface state shunt conductance, mho




q = charge of electron, Coulomb, h = Planck's constant, Joule-sec, ¢ = velocity of light,

Hm/sec

H = detector height, cm, W = detector width, cm, L = detector length(along electrodes),
cm

detector photo-responsive area = W x L, cm2, Le = detector electrical length, cm.

N = quantum efficiency, T = effective bulk relaxation time, sec
(ng, po) = thermally-generated equilibrium (electron, hole) concentration, #/cm3

He = electron carrier mobility, cm2/Volt-sec

. The detector parameters ggs, Me, Do, T, and lp depend on the detector operating
temperature. For the sake of simplicity, notation conveying this dependence will not be carried.
Substituting Eq.(8) into Eq.(7c), setting the gain factor Rf/R¢ equal to unity, one obtains for

Avoltage, apart from an overall gain factor that is not pertinent to the analysis,

p(Pp+ Ps) Pg
p(Pp+ Ps) Ps
1+ 807 "80%s
L

where p(Pp+Ps) is the detector current responsivity given by

AV =- Ry(Py) ©)

_ qkp o« He TPp+Pg)
P =1 MAp = i Io Rq(Pp), Amp/Watt (10

and the bias current I is given by Vo/Rp.

Equation (9) indicates that AV is proportional to the scene power incident on the detector,
Ps, apart from a term in the denominator of the right-hand-side that is also proportional to Pg.
This denominator term produces a small non-linearity in the response that is attributable to the
circuit non-linearity.

For small non-linearity Eq.(9) can be approximated by

AV =- p(Py+ Ps) Rg(Pp) P [1 BByt By ps*{p(P';: Ps))z Psz] + o an
0

Equation (11) indicates that the circuit non-linearity may be accounted for by a polynomial
correction factor in Pg. It is important to note that this does not include a detector Tesponse non-

linearity. The detector non-linearity lies in the detector current responsivity, p(Pp+Ps). If the
detector response non-linearity is small it can be approximated by the first terms of a Taylor's
Series

p(Pb+Ps) = p(Pp) + p'(Pb)Ps + 0.5 p" (Pp)Ps2 +......... (12)

which is a reasonable approximation for Ps << Pp. Substituting Eq.(12) into Eq.(9) gives an
expression that includes both the circuit and detector responsivity non-linearities:




- _[p®p) p'(Pp)

Py - PSZ} (13)

(p(Pb) L2 Py o P P
Io b p(Pp)
Equation (13) is a simple expression for a response non-linearity in Ps up to cubic order.

Note there are two contributions to the coefficients of the non-linear terms: One is traceable to
the circuit non-linearity and one is attributable to the detector response non-linearity. In the

cubic coefficient the effects are cross-coupled. Since p'(Pp) is negative (p decreases with
increasing Pp) the circuit and detector non-linearity effectively add together in the coefficient for

the quadratic term.

2.2 INSTRUMENT RESPONSIVITY AND THE CALIBRATION EQUATION

It is useful to examine how the responsivity of the instrument, Eq.(13), relates to a non-
linear calibration equation used by NOAA in the OGE.

Apart from an overall electronics gain factor, which is set to unity for this analysis, the

AV responsivity of the instrument to power on the detector, Ps, can be expressed as

AV =0 Ps+ 0y P2 + a3 Pg3 + .............. (14a)

where the coefficients (o, 0y, ....... ) are taken from Eq.(13). A calibration equation in terms of
AV and power on the detector can be expressed in the form

Ps=P; AV + By AV2+ B3 AV3 + ............ | (14b)

Substituting Eq.(14a) into (14b) and solving for the relation between the coefficients
gives, to third order in AV and Pg

Br=-L, Bp=-—22_ and P3= —L _ _ (15)
o] (1P (1)

Equation (15) indicates that, for small corrections about a linear relationship, one may examine
the non-linearity of calibration either in the instrument responsivity formulation or the calibration
equation formulation. Results may be mapped from one to the other via relationships of the
coefficients of a series expansion in either formulation.

The OGE converts Acounts reported from an instrument channel into an observed spectral .
radiance. To describe this process consider two variables (x,y) defined as

= 1073 _ .
= 10 (AOQOtOAv)y-pr, y in "Eﬂw""i (16a)
m* - Sr-cm

where
y = instrument channel measured spectral radiance

10




Kp = instrument channel spectral radiance to detector scene power conversion factor
Ao = instrument entrance aperture area, m?2

Qo = instrument IFOV, Sr
Av = instrument effective bandpass, cm-1
To = instrument optical transmission
and
AV= (AVa)x=xyx, xin Acounts (16b)
where

X = instrument channel reported Acounts
Ky = AVy/(4, instrument A/D (Avoltage-to-counts) conversion ratio

The calibration equation used by the OGE is of the form
y=byx+by x2+bg x3 +....eeeee (17)

Utilizing Eqgs.(16a) and (16b) and comparing Eq.(17) with Eq.(14b) it is found that

2 3
K | < K.
by =§;Bl, by = ;Vp—ﬁz and b3= JKleis (18)

It is possible to simply relate the OGE calibration equation coefficients to the coefficients of
Eq.(14b). It is notationally convenient to minimize extraneous parameters that vary from

channel-to-channel. (The instrument electronic gain is incorporated in the coefficient Kv.) In
this analysis the B coefficients of Eq. (14b) are examined.

From Egs. (13), (16) and (18), the coefficients b] and b are given by

AV
a/d J 1 (19a)
103 (A0t Av)] P Rd

E,,[ (ave oy PPy 1
103(AsQ0to AV)JL To  PPB) | (pRgP

Equations (19a) and (19b) suggest that the dependence of the coefficients in the OGE
calibration equation on background power and temperature can be assessed from detector and

detector-preamplifier testing. For example, the product (p Rq) is the voltage responsivity in
Volts/Watt. This quantity is measured to ascertain the suitability of manufactured detectors for
meeting specification. The detector resistance is also measured using low resistance connecting
wires. These measurements are routinely carried out under controlled detector current bias, Io,a
single background power, Pp, and at several detector temperature conditions. The change of

by = -

(190b)

11




detector responsivity with background, p'(Pp), can be determined by measuring the responsivity
at two or more controlled background flux levels.

Present measurements might be extended over anticipated instrument operating
conditions in bias current, detector temperature, and background power. The results could be
analyzed using Egs. (19) to indicate the effects of the detector and preamplifier circuit
performance on the calibration equation before selection of detectors and assembly into an
instrument. (The test dewar and set-up would have to accurately reproduce the background flux,
signal flux, and temperature that the detectors experience in-orbit.)

2.3 DETECTOR RESPONSE NON-LINEARITY

The detector response non-linearity is primarily due to the influence of a photo-excited

carrier density on the re-combination or relaxation time,t , of photo-excited carriers. Equations
that describe detector physics are given in Appendix A.

The major factor contributing to HgCdTe response non-linearity is dependence of the

Auger relaxation time,T A, on carrier density

AniPrai 20

(n0 +Po +np) (no + np)

T=TAAl=

where
nj = intrinsic electron density, cm-3
no = equilibrium electron density, cm™3
Po = equilibrium hole density, cm-3
np = photo-excited carrier density, cm3
TAj = intrinsic Auger relaxation time(np = 0 and no=po=nj), Sec
Al = Al(np) surface recombination reduction factor.

For a steady-state incident radiometric power, Pp, the steady-state photo-excited carrier density,
np, is given by

NAy TP
N = _)'_P___P Q1)
P~ hcHAj
The detector's photo-sensitive cbnductivity is proportional to np which, through Eq.(21),
is also proportional to Pp. However, from Eq.(20) it is seen that, as np approaches a density
nearing no, the relaxation time will tend to decrease. Through Eq.(21) the decreasing relaxation

time decreases the responsivity of the photo-sensitive conductivity to Pp. This leads to a non-
linearity in the response to Pp.

The factor A1 is dependent on np through the carrier-dependent diffusion coefficient of
HgCdTe material and also influences the non-linearity, although less significantly than TA.

12



Diffusion and electric-field induced carrier sweepout also affect the responsivity of the

photo-sensitive conductivity to Pp. These mechanisms influence responsivity, p(Ps), as a
function of the position between detector electrodes and tend to reduce the small-signal, linear
responsivity of a detector. The reduction of the small-signal, linear responsivity due to these
mechanisms is described in an appendix of the NOAA Detector Team Final Report[Ref 5]. To
the author's knowledge, the influence of these mechanisms on the non-linearity of the detector
response has not been reported in the literature.

Modeling the responsivity of a detector affected by diffusion and electric field sweepout

requires considering np->np(x), TA (np)->TA (np(x)), and p(Ps)->p(x,Ps),where x is a distance
along the axis between electrodes. This 1s difficult to analyze and model; however,

experimentally measuring p(x,Ps) provides an evaluation of diffusion and electric-field induced
carrier sweepout effects. A uniform p(x,Ps) indicates absence of effects. LIRIS measurements

indicate p(x,Ps) becomes just noticeably non-uniform at bias currents of 2.0-3.0 mA or larger.
At a bias current of 1.0 mA, no spatial non-uniformity could be discerned[ Ref 6].

The analysis ignores diffusion and electric-field induced carrier sweepout. It should be
applicable to GOES detectors having bias currents up to =2.0- 3.0 mA. Pursuit of the effects of
diffusion and electric-field induced carrier sweepout on response non-linearity is recommended
as a useful addition to the model. :
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3. DESCRIPTION OF MODEL CALCULATIONS

A computational method used to obtain a solution for the response is described. The
solution gives a responsivity, R(Pp,Ps), as a function of Ps. The percent change in the small-

signal responsivity, R(Pp,0), and R(Pp,Ps) is defined as a percent non-linearity function
%NL(Pp,Ps). The computed quantities are related to the calibration coefficient parameters
described in Section 2. A brief review is given of detector data available to the author at the time
the analysis was undertaken.

3.1 ITERATIVE SOLUTION

Considering A1 a constant and independently determining no, po, ni, TAi, N, and lp fora
detector allows one to substitute Eq.(20) into Eq.(21) and obtain a cubic equation for ny in terms
of Pp. This equation has only one real root and produces a solution that is linear in Pp for
np/no<<l. The task of the iteration is to find np that yields a self-consistent solution to Eqs.(20)

and (21).

The iteration commences by first setting A = 1, the value of A in the absence of surface
recombination effects. Then, a zeroth-order value of np is determined from Eq.(21) using a value

of 1 derived from Eq.(20) with np = 0. This zeroth-order value of np, np[0], is used to calculate
A1(np[0]). The value of A1(np[0]) is then treated as a constant and used in the cubic equation
that results from the simultaneous solution of Eqs.(20) and (21) just described. The resultant

value of np, np[1], is used to calculate t(np[1]) and A1(np[1]). These, in turn, are used to modify
the cubic equation which is then solved for an improved estimate, np[2].

This process is repeated until the difference between the estimate of np[k] and np[k+1]
becomes suitably small.

3.2 CALIBRATION EQUATION COEFFICIENTS

The iterative procedure is used to compute a voltage, Vp, that is proportional to the
preamplifier voltage produced by the background power in accordance with Eq. (2). This
calculation ignores the gain factor and bridge offset voltage subtracted from Vp given in Eq.(2).

=v. | Rd®Pb)
V= Vo (LA ) (222)

A voltage given by the background power plus signal power, Vs, is computed in a similar
manner.

RgPy+Ps) j (22b)

Vbs=Vo Rp + Rg(Pp+Pg)
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A difference voltage, AVps, is evaluated that gives the difference between Vps and Vp and
represents the AV reported by the instrument in accordance with Eq.(7¢).

AVps =Vbs - Vb

The voltage, AVps, gives a solution from the iterative procedure for the response of an
instrument to an incident scene power, Ps, for a given Pp. The voltage responsivity of the:

instrument is taken to be R (Pp,Ps) where

mb,Ps>=%'fi (23)

The response non-linearity for a given Pp can be envisioned as the deviation of R (Pp,Ps) from a
straight line when plotted as a function of Ps. It is difficult to quantitatively determine small
non-linearities from such a plot. For this reason the computations include a percent non-linearity

function, %NL(Pp.Ps), that compares R (Pp,Ps) with R (Pp,0).

To calculate R(Pp,0) a small-signal voltage, Vpss, is calculated as in Eq. (22b) where
Ps -> Pss = 10-10py,

_v [Rg1+10-10py)
Voss = Vo | "Ry + Ra(Py)

A AVypgs is then computed
AVbss = Vbss - Vb

and the small-signal responsivity, R (Pb,0), is evaluated as

R(Py,0) = él‘,-’sb:s. 24)

The deviation of R(Pp,Ps) from R(Pp,0) is a measure of the departure of the responsivity
from linearity. The percent non-linearity function is defined as

R@pPy) 1) (25)

——

R(Pp.0)

The percent non-linearity can be interpreted in the following way: It is the percent reduction in
actual AVps for Pp+Pg compared to the AVps that would occur for Pg due to the small-signal
responsivity (Ps<<Pp) value.

%NL(Pp,Ps) = 100
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Comparing the results of the calculations with the analytic expression of Eq.(13), gives
the correspondences:

R(Pp,0) = - pPHRA(Pp) 26)

and

{P(Pb)_P'(Pb) p..
b pPp|°

Equation (27) relates the -%NL to p(Pp) and detector current, lo.

PR 2 s

%NL(Py,Pg) = -100[

The percent non-linearity function and R (Pp,0) are used to evaluate the effect of the
responsivity on the coefficients of the calibration equation. Comparing the calculated quantities
to Eq.(14a) leads to the identification

o1 = RPp0) and o= %"%s- (28)

Using Equation (15), the values of B and B, are evaluated to examine the change of the
calibration equation coefficients with temperature and background power.

The non-linearity evaluated by the preceding computations includes both circuit and
detector non-linearities. The detector non-linearity, however, is due solely to the change in the

carrier relaxation time, . To distinguish between circuit and detector non-linearity a %NLt
function is evaluated:

(P, +P.)
= -
%NLt(Pb'Ps) 100 (—-—b——-“—t (Pb) l) (29)

The %NLy function gives the contribution of the detector responsivity non-linearity to the
overall %NL.

3.3 AVAILABLE DETECTOR DATA

_ The HgCdTe detectors used in GOES are tested and characterized by the manufacturer
and, independently, by ITT before being mounted in a an instrument package. The tests are
i:ium:r}tly conducted at a single background flux level and do not characterize the detector's non-

nearity.

The values of ng, po, ni, TAi, N, and lp depend sharply on the temperature, extrinsic
donor impurity concentration, Nd, and the molar fraction, x, in the Hg(1-x)Cd(x)Te material. To
assess approximate values for these parameters a match was empirically made to data collected
on the detectors by Ed Andrews of ITT[Ref 7]. Additional data have been supplied by Jean
Hartley[Ref 8],
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4. EXAMPLES OF MODEL CALCULATIONS

Two examples of model calculations are given for detectors to be used in the GOES
SNO3 satellite. Estimating detector parameters from test data is the first step. Variation of the
small-signal responsivity and percent non-linearity, %NL, versus background power and detector

temperature is evaluated. Finally, variation of the calibration equation coefficients B1 and B2
versus background power and detector temperature is calculated.

4.1 FITTING PARAMETERS

, Parameters of the model are derived from detector test data. As described in Appendix
A, one of the more critical parameters is the Cd molar fraction, x, in the Hg(1-x)Cd(x)Te alloy.
This can be deduced from spectral measurements of the relative responsivity. This is illustrated
in Figure 4 and Figure 5.

The 50% relative responsivity wavelength in the cut-off region is a sensitive function of
the detector operating temperature. By comparing the observed 50% relative responsivity point,

shown as a black dot, to the relative responsivity predicted by the equations for the responsivity
given in Appendix A, a value of x can be determined that matches the data.

Relative Responsivity

124

84.3K

x=0.1956

2
2 2 4 re W l
12 14 16 1g o ooHm
Figure 4. Match of 50% relative responsivity wavelength vs temperature for the Judson
LongWave J-033 detector.

For the case of the LIRIS I3-L009 detector the spectral response of the LIRIS I3-L006
has been used. Spectral response data on LO09 was not available, but was stated to be virtually
identical to LO06 [Ref 9].
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Relative Responsivity
84
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21 x=0.2338
4 ; 4 4 + Wvl,
5 6 71 8 5 10 HT
Figure 5. Match of 50% relative responsivity wavelength vs temperature for the LIRIS I3-L006
detector.

It is seen from Figures 4 and 5 that the values of x are 0.1956 and 0.2338, respectively.
These two values are for the smallest and largest bandgap material employed in the SNO3
instrument, respectively.

The model equations given in Appendix A have a precision that is sensitive to changes in
the fourth decimal place of x. However, the absolute accuracy of the equations and the predicted
value of x is on the order of = +2%.

Matches to other parameters were obtained by comparing the model to measured
responsivity and detector resistance versus bias current. The results of this match is given in
Table 1. The optical area and bias current assumed is also included in Table 1.

TABLE 1
Detector Parameters
Parameter I13-LO0S J-033 .
Cd molar fraction, x 0.2338 0.1956
optical area, cm?  1.07x 104 3.77x10-3
Nd, #/cm3 5x 1014 3x 1014
S, cm/sec 50 50
gss, mMho 4 7
Le/L 4 3
Rd, Ohms =200(105K) =90(102K)
R[Pb, 0], kV/Watt  =120(105K) 42(102K)
Io, mA 1 1
20




4.2. SMALL-SIGNAL RESPONSIVITY VERSUS BACKGROUND AND
TEMPERATURE

Variation of instrument small-signal responsivity with changes in background power and
detector temperature is a critical issue[Ref 10]. To evaluate the responsivity from the models it
is necessary to estimate the background power and maximum scene power falling on the
detectors. Table 2 is a summary of channel characteristics assumed.

TABLE 2

Channel Parameters

Parameter Imager3 LW Sounder Ch 7
<> 6.75 um 12 um

A\ 0.5 um 0.7 um

Max Tscene 320K 330K

Pp 12 nWatts 110 nWatts
Max Pg 7 nWatts 16 nWatts

The results of model computations are shown in Figures 6 and 7. Note that in the Figures
the responsivity in kV/ Watt is a negative number.

kV/Watt kV/Watt
Imager 3 Sounder 7
-190 1
=200 -45
-210 -50
-220 -55
-230 -60
2240 -65
74 - nWatt ./ nWatt
15 20 25 30 80 100 120 140

Figure 6. Variation of the small -signal responsivity of Imager 3 and Long Wave Sounder
Channel 7 vs background power on the detector. (The temperature of the detectors is 100K.)

It is seen from Figure 6 that both the Imager Channel 3 and the Sounder Channel 7 exhibit
a small-signal responsivity that decreases with increasing background power. The decrease is

attributable to the decrease in carrier relaxation time,t, caused by the increasing photo-excited
carrier density, np, that results from increasing Pp. This effect is indicated by Egs.(20) and (21).
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kV/Watt

Imager 3
-244 '
-245
-246 )
-247 /
— TK > . sttt T K
95 100 105 110 95 100 105 110

Figure 7. Variation of the small -signal responsivity of Imager 3 and Long Wave Sounder
Channel 7 vs detector temperature. (The background power on the detector is 21 nW for the
Imager and 110 nW for the Sounder.)

, Figure 7 shows a difference between the small-signal responsivity versus detector
temperature for the small and large bandgap materials. From Eq.(8) it can be reckoned that the
temperature dependence of the small-signal responsivity is influenced by three effects: The

electron mobility, e, the carrier relaxation time, 7, and the equilibrium electron density, no,
which tends to shunt changes in photo-excited conductance.

Electron mobility increases with decreasing temperature, tending to increase the
responsivity of both detectors with decreasing temperature. However, the carrier relaxation time
and equilibrium electron density dominate the temperature dependence over the operating range
shown in Figure 7. These two dominant effects behave differently for the two detectors in the
operating temperature range. To heuristically explain this difference in behavior, reference is
made to equations in Appendix A.

The Sounder Channel 7 detector has a valence-to-conduction bandgap that is relatively
small compared with its thermal energy over the operating temperature range. The small
bandgap causes the value of nj to be large and, in particular, large compared to Ng. This, in turn,
causes ng and pop to equal, or nearly equal, the intrinsic carrier density, nj. The intrinsic carrier
density, nj, decreases exponentially with decreasing temperature. This carrier concentration
effect is indicated in Egs. (A5) and (A6).

From Eq.(20) or Eq.(A9D) it can be seen that for no=po=n;j the carrier density factors in
the numerator and denominator tend to cancel, making the carrier relaxation time proportional to
the intrinsic Auger relaxation time, TAj. The intrinsic Auger relaxation time, TAj, increases with
decreasing temperature as indicated in Eq.(A9a).

The increase of the responsivity of the Sounder Channel 7 detector with decreasing
temperature results from the decrease of np(less shunt conductance) and the increase of

tAj(longer carrier lifetime) with decreasing temperature.

The Imager 3 detector has a bandgap that is relatively large compared with its thermal
energy over the operating temperature range. This causes the value of nj to be relatively small
and on the order of N( over the operating temperature range. This in turn, causes ng to equal, or
nearly equal, the detector's donor impurity density, Nd, and the value of pg to be small. This
carrier concentration effect also results from Egs. (AS5) and (A6). From Eq.(20) or Eq.(A9b) it




can be seen that for po<<ng=N{ the carrier relaxation time is proportional to the product, nj2t Ai-

The product nj2t Aj» decreases with decreasing temperature due to the strong, exponential
dependence of nj on temperature as given by the b; factor in Eq.(A5).

At higher operating temperatures, decreasing the temperature increases the Imager 3
detector responsivity. This is because the mobility increases and because the detector is in a
carrier density regime similar to that of the Sounder Channel 7 detector described above.

Upon decreasing temperature, a temperature is reached for which no=Ng. At this

temperature the carrier relaxation time, T, becomes proportional to the product n;2 TAj- The
small-signal responsivity will then decrease with decreasing temperature due to the decrease of
carrier lifetime The result is the weak maximum in the Imager 3 small-signal responsivity
exhibited in Figure 7.

The model demonstrates that the temperature dependence of the small-signal responsivity
is significantly influenced by the doping level, Ng, the Cd molar fraction, x, which determines

the HgCdTe alloy bandgap, and by the operating temperature range.

4.3 PERCENT NON-LINEARITY

An estimate of the percent non-linearity is calculated for the two detectors. Results of the
calculations are shown in Figure 8. Note that the value of %NL shown is negative. The percent
non-linearity for a fixed background flux increases with increasing signal, or scene, power.

The percent non-linearity reaches =4-6% at high scene flux levels. Based on the
inference drawn from Eq.(1) and from Figure 1, this is a significant non-linearity at longer
wavelengths with regard to calibration. Thus, the detector and preamplifier circuit non-linearity
is an important issue to the GOES instrument calibration.

Comparing Eq.(27) with Eq.(13) indicates that a quadratic or higher-order variation in
%NL versus Pg would result from a cubic or higher-order dependence of the responsivity on Pg.
Figure 8 shows that the %NL is linear with respect to Pg, or nearly so, and does not exhibit a

significant higher-order dependence on Ps. Thus, the responsivity, R(Pp,Ps), is suitably
represented by a quadratic function in Pg for a given background flux level.

$ENL FNL
Imsager3 Sounder 7
3 Ny
-3 -2
-4 3
-5
-6 -4
nWatt nWatt
4 6 8 10 10 15 20 25

Figure 8. Percent non-linearity vs signal power, Ps. (Operating temperature is 100K with
background power of 16nW and 110nW on I3 and the LW Sounder Ch 7, respectively.)
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The percent non-linearity associated with the detector, %NL1, given in Eq.(29) was
evaluated. It was found that approximately 70% of the non-linearity was due to the dependence
of the carrier relaxation time on the photo-excited carrier density, np, as given by Eq.(20). Le.,
for the SNO3 Imager 3 and Sounder Channel 7 the detector non-linearity, rather than the circuit
non-linearity, was found to cause =70% of the overall non-linearity.

4.4 CALIBRATION EQUATION COEFFICIENTS

The model calibration equation is a polynomial in Acounts as described in Section 2.2,
For a quadratic fit, the coefficients of the Acount terms, b1 and b2, are proportional to parameters
B1 and B2, respectively, as given by Eq(18).

In-orbit correction of calibration coefficients relies on two data points collected for each
channel. The data points are to be used to adjust offset term(not in the model) and the linear

term, B1. The quadratic term, B2, is to be adjusted using telemetered temperature data from the

satellite. Predicted in-orbit variation of B1 and B2 due to detector and detector circuit
responsivity is a goal of the modeling effort.

Figures 9 and 10 show the variation of B] versus background power and detector
temperature. Note the values of B are negative.

Bew1*1076 Betal*1076
Imager 3 Sounder 7
-3.8\\ 8!
nWatt

az| 8 12 14 16 18 20 -18

) - =20
4.4 22
-4.6 ~—nWatt
-4.8 80 100 120 140

Figure 9. Variation of Bl for Imager 3 and Long Wave Sounder Channel 7 vs background
power. (The temperature of the detectors is 100K.)

Figure 9 shows that for both Imager 3 and Long Wave Sounder Channel 7 B1 increases in
magnitude with increasing background power. This is consistent with the dependence of the
small-signal responsivity versus background power shown in Figure 6: The responsivity
decreases in magnitude, causing the calibrated estimate of impinging radiance given by the
calibration equation to increase for a given value of Acounts.
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Figure 1 0.'Variation of BI of Imager 3 and Long Wave Sounder Channel 7 vs detector

temperature. (The background power on the detector is 21 nW for the Imager and 110 nW for
the Sounder.)

The variation of B] to changes in detector temperature for Imager 3 and Sounder Channel
7 shown in Figure 10 reflect the comparative small-signal reponsivity versus detector

temperature shown in Figure 7: Imager 3 exhibits a local minimum in B1. For Sounder Channel
7 the magnitude of B] increases with increasing temperature and is more sensitive to temperature
than the B] coefficient of Imager 3.

Figures 11 and 12 show the effects of background power and temperature predicted by

the model on the B2 coefficient. This coefficient is to be corrected using in-orbit calibration
measurements and chamber test data as described in Section 1.1.

Betw2*10723 Betw2*10°21
Imager3 Sounder 7
8
1.6 2
14 6
5
1.2 | a |
nWatt 3
08}\9/12 14 16 18 20 2
) nWatt
0.6 80 100 120 140

Figure 11. Variation of B of Imager 3 and Long Wave Sounder Channel 7 versus background
power. (The temperature of the detectors is 100K. )

Figure 11 indicates that the B2 coefficient increases with increasing background power

for both Imager 3 and Sounder Channel 7. The B2 coefficient of the Sounder Channel 7 is
significantly more sensitive to background power than the Imager 3 channel.




Bew2*10723 Bet2*10721

Imager 3 Sounderx 7
1.08 § |
Lo :
1.02 3
92 94 96 98 100\102"1'64 Re 2 94 96 98 100102104 T

Figure 12. Variation of 2 of Imager 3 and Long Wave Sounder Channel 7 vs detector
temperature. (The background power on the detector is 21 nW for the Imager and 110 nW for
the Sounder.)

Figure 12 indicates that the variation of B2 with detector temperature decreases with

increasing temperature over the operating range while the B2 coefficient of the Sounder Channel
7 increases. The sensitivity of the Sounder Channel 7 coefficient to temperature is significantly
 greater than Imager 3.

Figures 11 and 12 indicate that the variation of B2 with background power(optics baffle
temperature) and detector temperature depends in an approximately quadratic manner on these
parameters. Interpolation between pre-orbit chamber test data points and in-orbit measurements

will be required to correct B2. The model indicates that a quadratic interpolation scheme should
be satisfactory.
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5. SUMMARY

A small, few percent(< 5%) non-linearity in responsivity, if not acounted for in
instrument calibration, could significantly affect the accuracy of the products provided by the
GOES satellite, especially at longer wavelengths. Determining response non-linearity is a driver
in the amount of required pre-launch instrument chamber testing. Response non-linearity is due
to the HgCdTe detector and preamplifier circuitry employed by GOES instruments.

Analysis of HgCdTe detector and preamplifier response non-linearity was undertaken
based on detector physics reported in the literature. Although the analysis did not consider flux-
dependent non-linearity resulting from sweepout effects due diffusion and electric bias fields, it
should apply to GOES instruments employing detectors biased up to =2.0-3.0 mA.

The analysis also related instrument responsivity and the OGE calibration equation. No
rationale was uncovered for a constant offset term in the OGE calibration equation, although
such a term is employed in practice based on pre-launch chamber tests. Further pursuit of the
cause of the offset term is recommended.

A computer code model of the GOES instrument responsivity was developed. The
objective was to develop a model that could be utilized to expedite pre-launch calibration of
GOES satellite instruments and to provide confidence in GOES in-orbit calibration procedures.

The model was used to examine the responsivity of two SNO3 instrument detectors.
Results indicate that the percent non-linearity of the response of these detectors and their pre-
amplifier circuits can reach 4-6%, which is significant to calibration. Both the detector and the
pre-amplifier circuit contribute, and contribute additively, to the percent non-linearity. The
detector contribution was dominant, being as much as =70%.

It was found that an OGE calibration equation of quadratic order suitably describes the
non-linearity due to HgCdTe detectors and detector preamplifer circuitry. The calibration
equation’s quadratic coefficient was found, itself, to have up to a quadratic dependence on
background power and detector temperature, indicating that a quadratic interpolation technique
would be suitable for its in-orbit adjustment to variation in these parameters.
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APPENDIX A
HgCdTe DETECTOR MODEL

This appendix summarizes the detector physics and computational procedures used for
calculating GOES detector and detector-circuit responsivity. It duplicates some of the discussion
in the main body of the report. It is intended as a bridge between the main body of the report and
the actual code employed given in Appendix B.

1 ENERGY GAP, QUANTUM EFFICIENCY, AND Cd MOLAR
FRACTION

The bandgap energy, Eg, vs the temperature, T, in degrees K and molar fraction of Cd, x,
is taken from the work of Hansen,Schmit, and Casselman[Ref 1].

Eg =(-0.302 + 0.000535 T (1-2x) +1.93x - 0.81 x2 + 0.832x3),eV  (Al)

The gap energy equals the energy of a photon at a "cut-off” wavelength, Aco given by

7\00=1‘2‘E§2’ pm (A2)

The quantum efficiency, 1, gives the ratio of photo-excited carriers to the photon flux
intensity impinging on the detector. The expression used is taken from the report by Schoolar,
Bicknell, and Spears and references cited therein[Ref 2]. _

1 - Exp[-2aH]
= (1-R A
M= U-R) R Expl20H] (A3)

where
o = absorption coefficient, cm-1

H = detector height = 0.0008 cm
R = front surface reflection coefficient.

The value for the absorption coefficient at a wavelength for which the photon energy
equals Ep is taken from work reported by Schoolar in Reference 2.

a= oo(l+15/Fp-F ),em]l  EpE, (Ada)
2.38(E,-
o= Exp[—(prE’L)} el Ep<Eg (A4b)

31



0o = 1770‘/Eg, cm-1

Tin degree K

k = Boltzman's constant = 1.38066 x 10-23 Joule/degree K
1 Joule = 1/(1.60218 x 10-19) eV

k =8.617 x 10-3 eV/degree K.

Quantum efficiency determines the wavelength dependence of the responsivity of the
detector. Using relative spectral responsivity data collected by ITT and the above equations, an
estimate of x has been obtained for two GOES-NEXT SNO3 detectors. The estimate was made
by graphically fitting relative responsivities predicted by the equations at two operating
temperatures to the measured 50% relative responsivity points in the cut-off wavelength region.
The value of R = 0 was used for the estimated match. The estimates are listed in Table Al.
Values of x used in Reference 2 in describing expected GOES-NEXT detector performance are

also listed.

TABLE Al
Estimated values of x
Detector  Temperatures(K) Estimatedx [Ref 2]
MW-L002 102, 80.9 0.2120 e
LW-J033 102, 84.3 0.1956 0.1913
L006 105, 83 0.2338 ——
14-L.002 105, 84 0.2080 0.209
15-J019 105, 82 0.2035 0.203

The 50% relative response points agree at the two temperatures to about + 2% in
wavelength. Although indicated to 4 decimal places, the accuracy of the estimated value of x is
no better than * 5%. '

2 INTRINSIC AND EQUILIBRIUM CARRIER CONCENTRATION

Intripsic carrier concentration, nj, is taken from the work of Hansen and Schmit[Ref 3].

aj = 5.585 + 0.001753 T - 3.82(x) - 0.001364 (xT)

E g0.75 T1.5

Eg
Exp|5802.84 -2

bj = 1014

n; = ajb;, —c—ig (AS)

Equilibrium density of electrons, no, and holes, po, in the conduction and valence bands
in the case of a material donor impurity density, N, is given by
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no=+-d+ (54)2+ e (A6a)

_ .Ng_./(Nd : #
Po= - +/ (2)2+(n1)2, =" (A6b)

as described in Blakemore[Ref 4]. The values of ng and po are determined by simultaneously
solving the equation for charge neutrality and the equation for carrier equilibrium in a non-
degenerate semiconductor:

(052 =no po - (A7)
3 ELECTRON AND HOLE MOBILITY

Values of electron and hole mobilities are taken from work reported by. Schoolar in
Reference 2.

- l cm2 A8a
e 25107 T1S x2 +D_.QL%35_X£ ” Volt-Sec (A8a)
Tl

= 1 cm2
Hh = R (A8b)
b 5.26 10;7 Tl.5 +4gm1 5x7 Volt-Sec
Tl.

4 CARRIER RECOMBINATION LIFETIME

The effective carrier relaxation time,T, is determined by both Auger recombination and
surface recombination processes.

4.1 AUGER RECOMBINATION

The dominant mechanism in carrier recombination is the Auger process[Ref 5]. The
intrinsic population(no=po=nj) Auger relaxation time, 1p;, is given by

11605E,,]
3.75048 10-7Exp{——-T—g,/Fg
TAI= T1.5

, Sec (A9a)

where the dependence of TAj on the temperature, bandgap energy, and electron effective mass is
taken from Reference 5. The effective mass of a conduction band electron is taken to be

proportional to the bandgap energy and a scaling coefficient has been chosen to give agreement
with data in Reference 5 using the above Egs.(A1) and (AS5) for n;[x,T], and Eg[x,T] [Ref 6].
For the non-intrinsic case where np is the electron carrier concentration induced by

photon flux the Auger relaxation time, T4, is given by

.

33



op = —2niPTAj o GPOTAL g (ASD)
(o+npfnotPotnp)  (no*mpfnotPotip)

4.2 SURFACE RECOMBINATION

As described in Reference 2 and references cited therein, surface recombination alters
carrier recombination lifetime. The effect of surface recombination depends on the ambipolar
diffusion constant, Dy, given by[Ref 7]

2
(no+pot np)!leuh cm. (A10)

D, =8.61710-T: ,

where

kT _ -5 Joule T
q 8.617 10~ T, Coulomb’Tm degrees K.

A parameter that depends on Dj is the ambipolar drift length, La, given for a carrier
recombination time, Tz, by

La=1YDy7A, cm (A11)
The effect of surface recombination on the effective carrier relaxation time,, is given as

T=A1TA ‘ (A12)

Sinh'—l}i] + S—Eﬁ‘— (Cosh[%] - 1)
A= L ) Al3
TR e

5 FLUX DEPENDENT CARRIER LIFETIME

where

The flux dependence of the carrier lifetime, <, is the principal cause of photo-conductor
response non-linearity.

5.1 FLUX DEPENDENT AUGER LIFETIME

As indicated by Eq.(A9b) and as experimentally determined by Bartoli et al, the Auger
lifetime, A, and thus the effective carrier lifetime, 17, depends on the carrier concentration

generated by photon flux, np[Ref 8]. For an incident photon flux Qp, #/cm2-Sec, the value of np
is given by
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Q4

= Al4
np H » cm3 ( )
Combining Eq.(A9b) with Eq.(A12) and substituting the result into Equation (A14) leads to the
following cubic equation for np:

*
np\3 n n Nt
(32+ Znotpo (27, natRo (fp)_ FT'ARS (a15)
nj np \nj Po \0j n;H
where
%k R
TAI=S TAi Al -

The solution of Eq.(A15) satisfies both Equation (A9b) and (A14). The effect of surface
recombination introduces two computational complications: First, equation (A15) must be

solved to evaluate 15 from Eq.(A9b). But, T4 must be known in order to evaluate Ly from
Eq.(A11) and A from Eq.(A13). A second complication is that Ly depends on Dy which, as
indicated in Eq.(A10), depends on np.

A solution to this problem was accomplished by Marion Reine of (now) LIRIS in 1979
for ATMOS detectors operated at 77K[Ref 9]. Marion used a different approach for accounting
for the surface recombination effect, but incorporated its flux dependence.

52 ITERATIVE SOLUTION FOR © AND np

The following is the iterative technique used for self-consistently solving Egs. (A9b),
(A10), (A11), (13), and (A15):

Let np[j] be the jth estimate of np.

(i) Given that {no,po,TAj} are calculated for a given{Nd,x,T}, an estimate of T, TA[jl,
may be obtained from Eq.(A9b) using np[i].

(i1) Also using np[j], Eq.(A10) may be evaluated to give an estimate of Dy, Dy[j]. Then,
using D,fj] and t[j], Eq(A11) may be solved for an estimate of L,, L[j].

(iii) Using Ly[j] and TA[j], Eq(A13) may be solved for an estimate of A1, A1[jl.
(iv) The value of A1[j] may then be used to compute
% £, . )
Tailil = TAi ALi)

(v) Letting Np{no,po,Qp,‘t* Ailjl} denote the single positive np root of Eq.(A15),
the (j+1)th estimate of np is given by

npli+1] = Np{no.po.Qp.t* ailil}
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and the iteration is repeated.

The goal of the iteration is to accurately estimate T for a given and to accordingly
assess np. Upon the iterative procedure converging, the iteration is ended when

G+ 4|2 19
e

The initial value of np, np[O] is taken from Eq (A14) with 1[0] = tAj. A solution is
described by the order of the iteration undertaken. Results are reported using 10th or higher
order solutions. .

6 DETECTOR REPONSIVITY

Determining the responsivity of the GOES detectors requires separating Qp into two
components,

Qp=Qb+Qs

where Qp, is a background flux that is assumed constant on the detector both between and
throughout measurements and Qs is the signal flux incident on the detector during a look at an
earth scene. Thus, from Eq.(A14) the photo-excited carrier concentration, np, is also composed
of two components, np, and ng from the background and the signal flux, respectively.

The relation between incident flux, Qp, and the incident power, Pp, in watts at the cutoff
wavelength, Aco, is

AcoP
_ P #
Qp hc WL’ cm2-Sgc (A16)
“where _
h = Planck's Constant = 6.63x 10-34 Joule-Sec
¢ = speed of light = 3x 1014 -Ele—rz

and where W is the width and L the optical sensitive length of the detector. Thus, the power
incident on the detector is composed of two components, Pp and Ps, from the background and

the signal, respectively.

The responsivity is evaluated at the peak response wavelength which is assumed here to
be Aco. The responsivity is evaluated in two steps:

First, a voltage is computed for ny = np,. This voltage will depend on the detector resistance,
Rd[np] for an incident flux. Rd[npﬁ is given by:
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Rqlnp] = 1 , Ohms (A17)

2N
q{_S§E§.S_ ﬂle(“o + np)}H—L—c‘¥

where

q = 1.60218x10-19  Coulombs

H = detector width, approximately = 0. 8x10-3 cm
W = detector width

L = detector photo-responsive length =W = (5.0-7.5) 103 cm
WeL = photo-responsive area
L, = detector electrical length, =(2-4)L

(N Isg) = Surface State (population-density mobility) product=(2-5)1016, #/Volt-Sec

The value of the (Ngg Mss) product depends on propietary fabrication processes and the
estimate given is only an edjucated guess. The estimated values give a shunt conductance value,
gss» Where

£ss = 2 q(Ngs Hgs)W/Le,

of approximately (4-7) mMho for SNO3 detectors. Values are estimated from detector resistance
vs bias and temperature data.

Given Rq[np] the detector preamplifier voltage,V[Pp], is determined by the bias current,
I, the bias voltage, V,, and the bridge bias resistor value, R,

. R4Pp
V[Pp] = IO m, Volts (A18)

= %{% , Amps and Vg = 10 Volts.

The second step is the evaluation of V[Pp + Ps], which follows from Eq.(18) with Pp =(Pp +!
Pg). The preamplifier earth scene signal voltage, AV[Ps], is then evaluated as the difference
between V[Pp + Ps] and V[Pp].

AV[Pg] = V[Pp + Pg] - V[Pp].(19) (A19)

Equation (A19) gives the basic expression for the investigated GOES SNO3 responsivity
non-linearity. -

7 DETECTOR SMALL-SIGNAL RESPONSIVITY AND PC GAIN

Two parameters that are of interest in assessing detector performance are the small-signal
responsivity and the photo-conductive(PC) gain.

A small-signal voltage responsivity, R[Pp,0], is taken to be
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Limit AV _ dVv[p p] _ dv[np] dnp de _ NAco dv[np] d(QpT[Qp])

P50 P;  dPp dn, dQpdP, hcHWL dny dQp l%p:?lg

(A20)

R[Pp,0] =

Equation (A20) indicates that the derivative of 1:[Qp] evaluated at Qp = Qp plays a role in the
small-signal responsivity, which is born out by modeling results. Taking Rp>>R4[Pp] in
Eq.(A18), the small-signal responsivity is given by Eq.(A20) to be

(P01 =-08 1 To e TftlPb] 752 (RalPoIP: ok a2
where
aniQy]
o0 = QM 2| .
ef dQp 1Qp=Qp

In the computer code, the small signal gain for a given Pp is evaluated by determining the
responsivity for a signal power that is 0.00000001% of the background power. This small signal
flux responsivity is taken to be the responsivity the detector approaches as Ps-> 0.

The photo-conductive gain, Gpc, is defined as the ratio of the mean free path of a photo-

excited carrier to the photo-electrically sensitive length(L) of the detector. When a carrier
transits the detector and is swept into a collecting contact, charge conservation requires that the
opposite contact emit a carrier. The idea is that a single photo-electrically excited carrier may
effectively transit the detector several times. The gain gives the number of transits for L=Le.

The mean free path of the carrier is just its effective lifetime, Teff, multiplied by its mean

velocity, peE, where E is the electric field due to the bias voltage. In this case the voltage across
the detector is given by the product (IoRq) leading to

IoRd[Pp)

Gpc = % &G_I:—Q‘Tefflpb]
So, considering Eq.(A21)

= . Yolt

m[Pb,O] = 0-8 XCO n Gpc Rd N watt.

Measurement of the responsivity and the detector resistance, and hence the inference of the (
Gpc) product, is often undertaken to characterize detectors.
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APPENDIX B
COMPUTER CODE

Calculations employed the code listed in this Appendix. The code is written for
execution in Mathematica and is similar, but not identitical to, C language Mathematica can
convert this code to C or to Fortran.

It is suggested that anyone wishing to calculate detector performance compose their own
code. This listing is given to serve as a guide to one way it can be done.

The code is comprised of two functions: f[] and perfP[]. The functions take as input the
variables_ listed within the brackets[]. Variables have to start with a lower case character and
Greek symbols and subscripts are not supported by Mathematica code. Thus, Ng->nD, S->s,

Qp->qp, eg->eg, A->wvl, etc.

The first function, f], takes basic the parameters [x, T, Ng, S, Qp] and solves for the
equilibrium carrier population density, np and the carrier lifetime. It does so using a Do-loop
that cycles "kay" times. In practice I have found kay=10 gives satisfactory results. The function
r?;lhmfi these values and other intermediate results that are useful in calculating the responsivity
of the detector.

; f[X_vt_’nD ._aqp...’kay_.] =

(*Define variables used within the function*)
Module[ {eg,wvl,ai,bi,ni,no,po,tAi,muE,muH,a,b,np,tAug,do,doN,doD,la,xa,xb,aA tAiE,c.root},

(*Calculate fixed quantities*)
eg=-0.302+1.93*x-0.810*(x"2)+0.832*(xA3)+5.35*(10/-4)*t*(1-2*x);
wvl=1.2399/eg;

ai=5.585-3.82*x+(1.753*10/-3)*t-(1.364*10/-3) *x*t;
bi=(10*14)*(eg"0.75)*(t*1.5)*Exp[-eg/(2*(8.617*10/-5)*t)];
ni=ai*bi;

no=(nD/2)+Sqrt[((nD/2)2)+ni 2];
po=-(nD/2)+Sqrt[((nD/2)"2)+ni’2];

tAi=(3*10/-13)*(((eg/((8.617*10/-5)*1))*1.5)/eg) *Expleg/((8.617*107-5)*1)];

muE=(2.5*(10A-7)*(xA2)*(121.5)+3.13*(101-2) ¥ (xA4)*(tA-1.5)) - 1;
muH=(5.26%(10A-7)*(xA-1)*(tA1.5)+4.0*(1073)*(xA7)*(tA-1.5))"-1;
(*All fixed quantities are calculated->Next enter into iterative calculation*)

(*Do-loop statement*)
Do[
a=N[(2*no+po)/ni];
b=N[1+(no/ni)"2];
K[[OO]]: §(2*tAi*(ni’\2))/(no*(no+po)))*(qp)/0.0008;
tAug=2*tAi*aA[k-1]1*(ni*2)*(((no+po+np[k-1])*(no+np[k-1]))*-1);
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doN=8.617*(10/-5)*t*(no+po+2*(np[k-1]))*muH*muE;
doD=((no+np[k-1])*muE)+((po+np[k-1])*muH);
do=doN/doD;

la=(do*tAug)"0.5;

xa=0.0008/1a;

xb=s*tAug/la;

aA[k]=N[(Sinh[xa]+xb*(Cosh[xa]-1))*(((1+(xb*2))*Sinh[xa]+2*xb*Cosh[xa])*-1)];

tAiE=tAi*aA[k];
c=N[(2*tAiE/(0.0008*ni))*qp];
root={ ToRules[NRoots[y3+a*y*2+b*y-c==0,y]]};

nplk}=ni*(y/root{[31]), (k.1 kay}}; _
(*Finish of Do-loop statement*)

tAugO=2*tAi*aA [kay]*(ni"2)*(((no+po-+np[kay])*(no+np[kay))-1);

(*Return list of results to 12 place precision*)
N[ {tAugO,np[kay],muE,wvl,no,ni,tAugO*qp/0.0008},12]
1

The function perfP[] takes as an argument the parameters [x, T, Nd, S, Io, gss(surface
state shunt conductance in Mhos), Adet(area of det in cm?), r(ratio of Le/L), Pp, Ps] and
calculates the voltage generated by the detector for incident flux due to Pp, Pp(1+107-10), and
Pp+Ps. From these results the small and large signal responsivites are calculated. The percent
change from small to large signal responsivity is assessed. Also, the percent change in the
effective carrier lifetime for small and large signal response is evaluated. The function returns a
list of several parameters that are of interest to the detector and detector preamplifier operation.

perfP[x_,t_nD_,s_,io_.gss_,aDet_,r_,pb_,ps_kay_J:=

' (*Define variables used within the function*)
Module[{b1,b2,rB,fbrDb,rDbs,rDbSS,vb,fbs,vbs,sig,resp,respNL ,percentNL,percenttau,gbSS,vb
SS.respSS.,qb,gs,wvleg},

(*Calculate fixed quantities*)
rB=(10.0)/io;

eg=-0.302+1.93*x-0.810*(xA2)+0.832*(x"3)+5.35* (107-4)*t*(1-2*x);
wvl=1.2399/eg;

gb=pb*wvl/(aDet*2*(10*-19));
gs=ps*wvl/(aDet*2*(10/-19));

(*Call f{] for Qp<->Pb, compu{e Vb*)

fb=f[x,t,nD,s,gb kayl;
rDb=(go+(1/)*(1.6*10/-19)*(fb[ [3]1)*(fb[[5]}+fb[[2]1)*0.0008)"-1;
vb=10.0*rDb*((rB+rDb)*-1);

(*Call f]] for Qp<->Pb+Ps,compute Vbs*)

fbs:f[x9t’nD’s’qb+qs7kay];
1Dbs=(go+(1/r)*(1.6*107-19)*(fbs[[3]1))*(fbs[[5]]+fbs[[2]1)*0.0008)*-1;
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vbs=10.0*tDbs*((rB+rDbs)*-1);

(*Evaluate resp[Pb+Ps]*)
sig=(vbs-vb)*10/6;
resp-(fb[[4]]*(vbs-vb))/(2 0*(10/-19)*aDet*gs);

(*Call f[] for Qp<->(1+10/-10)Pb,compute VbSS*)
qbSS=qb*(1.0000000001);
fbSS=f[x,t,nD,s,qbSS kay];
rDbSS—(go+(l/r)*(1 6*10"-19)*(ﬂ>SS[[3]])*(beS[[5]]+beS[[2]])*0 0008)A-1;
vbSS=10.0*rDbSS*((rB+rDbSS)A-1);

(*Evaluate small-signal resp*)
respSS=(fb[[4]]*(vbSS-vb))/(2.0*(10"-19)*aDet*((qbSS-qb)));

(*Compute quantities of interest*)
bl=1/resp;
percentNL=((resp/respSS)-1)*100;
b2=((b1)*3)*100*(2.0*(10/-19)*aDet*gs)/(fb[[4]]*percentNL);
percenttau=((fbs[[1]}/fb[[1]])-1)*100;

(*Return list of results of interest to 6 place precision*)
N[ {sig.resp,respSS.rDb,rDbs,gb,gs,t,pb,ps,percentN,percenttau,bl,b2},6]
]

To operate the code it is necessary that both f[] and perfP[] are evaluated, i.e. "loaded",
into the Notebook or "routine" being run to do the calculations. The function perfP[] calls for
output from f[].
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APPENDIX C
ADDENDUM

During the completion of this report data from preliminary vacuum tests of the serial
number 3(SNO3) Imager-3 detector became available. The data were collected with the detector
in the instrument. The instrument responsivity was measured vs detector temperature.

This was of particular interest since the model predicted that the Imager 3 responsivity
could increase over the detector operating temperature range with increasing detector
temperature. (See Figure 10.) This behavior is somewhat counter-intuitive to the notion that
HgCdTe detector's performance improves with decreasing temperature: In the case where
detector responsivity dominates performance, the-data indicate that this is not necessarily true, at
least for all HgCdTe detectors.

A plot of the data(points) and the model fit(solid line) is shown in Figure C-1.

Norm.Resp Imager 3

0.98;

Nd:
5.0x10"14
5.5x10714
6.0x10~14
6.5x10714

0.96s

0.94

Figure C-1. Fit of Imager 3 model to in-situ instrument test data of normalized
responsivity vs detector temperature. (Assumed background power, Pp =21nW.)

To fit the model the value of the impurity density, N3(Table 1) was varied from the
assumed 5x1014/cm3 to 6.5x1014/cm3. It can be seen from Figure C-1 that a value of

~6x1014/cm3 gives qualitative agreement. And it can be seen that the responsivity of Imager-3
does increase with increasing detector temperature over this range, as predicted by the model.

An explanation of this effect is given on pages 21-23 of the text. A consequence of the
effect is that lowering in-orbit detector temperature may improve Sounder instrument
performance in the Long-Wavelength bands, but may also slightly degrade Imager-3
performance.

The author appreciates Richard Heinrichs’ providing a file of the test data.
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AVHRR
GOES -NEXT
GOES
HgCdTe
IFOV

LIRIS
LWIR
MIT/LL
NASA
NEDN
NEDT
NESDIS
NOAA

PC
SNO3

ACRONYMS

Analog to Digital

Advanced Very High Resolution Radiometer

New generation of GOES now being manufactured
Geosynchronous Operational Environmental Satellite
Mercury Cadmium Telluride (alloy)

Instantaneous Field of View

International Telephone and Telegraph (company)

Loral Infrared Imaging Systems (company)

Long Wave Infrared Radiation

Massachusetts Institute of Technology, Lincoln Laboratory
National Aeronautics and Space Administration

Noise Equivalent Delta Radiance, Watt/cm2-pm

Noise Equivalent Delta Temperature, °K

National Environmental Satellite Data and Information Service
National Oceanic and Atmospheric Administration
Operational Ground Equipment

Photo-Conductive

Serial Number 3 (of GOES-NEXT)
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