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Doped germanium photoconductors are the most sensitive detectors for astronomy in the wavelength
range 40–240 µm. Under the extremely low background conditions encountered in cooled satellite
instruments, these devices exhibit a number of transient effects, such as slow relaxation after a step
change in illumination or bias, and spontaneous spiking at high signal levels. Such behavior can
degrade the excellent instantaneous sensitivity of these detectors and create calibration uncertainties.
These effects have been observed in the Ge:Be photoconductors and the stressed and unstressed Ge:Ga
photoconductors in the Long Wavelength Spectrometer, one of the instruments on the Infrared Space
Observatory. A systematic investigation of the transient response of the Long Wavelength Spectrom-
eter detectors to a step change in illumination as a function of operating temperature, bias electric field,
and illumination step size has been carried out to determine operating conditions that minimize the
effects of this behavior. The transient effects appear to be due primarily to carrier sweep out, but they
are not fully explained by existing models for transient response. r 1996 Optical Society of America
1. Introduction

Doped germanium photoconductors find important
applications in astronomy, including satellite-borne
instruments in which the photon background is very
low. These devices have excellent instantaneous
sensitivity, making them the best detectors for the
far-infrared 1FIR2 40–240-µm wavelength range.
However, under certain conditions both doped Ge
and doped Si photoconductors exhibit nonlinear be-
havior that can degrade sensitivity and cause calibra-
tion problems. This behavior can be divided into
two types: 1a2 increased noise caused by spontane-
ous current spiking or current oscillations,1,2 and 1b2
slow response times to changes in illumination,
ranging from tens of seconds for germanium de-
vices3,4 to tens of minutes for silicon.5,6 A careful
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characterization of these effects is necessary to mini-
mize and correct for nonideal behavior if maximum
sensitivity is to be achieved.

A. Long Wavelength Spectrometer

The Long Wavelength Spectrometer 1LWS2 carries
out medium resolution 1l@Dl , 2002 and high-
resolution 1l@Dl , 100002 spectroscopy over thewave-
length range 45–200 µm and is one of four focal plane
instruments on the Infrared Space Observatory.
Ten 1 mm3 doped germanium photoconductors,
manufactured by the Battelle-Institut7 and each
sensitive to a different spectral range, comprise the
LWS detector array. A Ge:Be detector is used for
45–50 µm, five unstressed Ge:Ga detectors are used
for 50–110 µm, and four stressed Ge:Ga detectors are
used for 110–200 µm spectral coverage. The stress
applied to the long wavelength detectors is tailored
to maximize the spectral response for the appropri-
ate wavelength range 1in the remainder of this paper,
the letters s and u in parentheses distinguish be-
tween stressed and unstressed Ge:Ga, respectively2.
The doping of the Ge:Be detectors is 83 1014 Be cm23

with other dopants below 1013 cm23; the Ge:Ga
detectors have a Ga concentration of 2 3 1014 cm23.
The compensation ratio 1defined here as the ratio of
donor to acceptor concentration2 from residual impu-
rities is ,0.01 for all the detectors.8
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The LWS uses five FIR illuminators9 to monitor
changes in detector responsivity as a function of
time. Each illuminator consists of a Nichrome film
on a sapphire substrate. By passing a current
through the film, the device can be heated to tempera-
tures up to 150 K. Absolute calibration of the LWS
will be performed by regular observations of astro-
nomical sources. Measurements of the perfor-
mance characteristics of the LWS detectors are
described elsewhere10 and summarized in Table 1.
Excellent instantaneous noise equivalent powers
1NEP’s2 of #10217 W Hz21@2 for the Ge:Be and Ge:Ga
1u2 detectors, and ,2.0 3 10218 W Hz21@2 for the
Ge:Ga1s2 detectors are achieved under very low back-
ground conditions.

B. Nonideal Behavior in the Long Wavelength
Spectrometer Detectors

The slow response time of doped Ge photoconductors
to step changes in photon flux influences the calibra-
tion procedure for the LWS using the on-board
illuminators. Figure 1 shows the response of each
LWS detector type to pulses 110 s on, 10 s off2 of
infrared illumination at three different illuminator
current settings. Even at comparable illumination
levels, there are striking differences between the
responses of the three detector types. Each indi-
vidual pulse shows a slow settling time, and at the
highest current setting, 10 s is insufficient for any of
the detectors to reach a stable current value before
the illuminator is switched off. In contrast, the
settling time of the Ge:Ga detectors after the illumi-
nator is switched off is very rapid. The Ge:Be
detector, however, shows a long settling time 1:10 s2
after the illuminator is switched off. In all cases a
noticeable envelope function is associated with each
pulse set, indicating that, even when the illuminator
is switched off, the detectors retain amemory of their
previous illumination history. It seems that the
response characteristics of all the detectors are
improved if smaller photon flux steps are used.
Figure 2 shows the response of an LWS Ge:Ga1u2

detector to a step change in illumination at six
different detector temperatures 1although the six
response curves are shown on the same figure for
clarity, several minutes elapsed between each illumi-
nator step to allow the temperature to be changed2.
At temperatures #2.25 K, spontaneous spiking
greatly reduces the sensitivity of the detector. This
occurs when the detector is operated close to the
breakdown field strength, thus permitting impact
1598 APPLIED OPTICS @ Vol. 35, No. 10 @ 1 April 1996
ionization to cause sporadic breakdown in different
parts of the crystal. Spontaneous spiking at tem-
peratures ,2.5 K is seen in all LWS Ge:Be and
Ge:Ga1u2 detectors. Each spike is characterized by
a fast rise time and short duration 1,10 ms2, al-
though the occurrence of a spike often causes a
change in responsivity that lasts for several tens of
seconds 1see Fig. 22. When the sharp spikes are
removed from the data, a slow oscillation in the
steady current value is often present. Effects such
as these severely limit the usable bias range of the
unstressed detectors at low operating temperatures.
For this reason, the Ge:Ga1u2 detectors and the Ge:Be
detector are operated at temperatures near 3 K,
despite the unwelcome increase in the dark current
at this temperature.10 Unstable behavior of this
kind is not seen in the Ge:Ga1s2 detectors, even at
temperatures as low as 1.5 K. Consequently, the
stressed detectors are operated at 1.85 K in the LWS
to ensure low dark current and high sensitivity.
This paper describes a systematic investigation of

the transient response to a step illumination change
of the three types of LWS detectors as a function of
operating temperature, illumination step size, and
bias electric field, carried out prior to integration of
the detectors into the LWS. Optimum operating
conditions for the LWS detectors in flight were
determined from these data. In Section 4 the re-
sults are considered in terms of existing models for
transient response in extrinsic photoconductors.

2. Experimental Arrangement

A schematic of the components in the 4He dewar
used for these tests is shown in Fig. 3. The cold-
plate temperature can be set to a value between 1.5
and 4.2 K by adjustment of the vapor pressure above
the 4He bath. The detector filter stack contains a
metal-mesh narrow-band filter and a short wave-
length edge to define a spectral passband with
40–70% in-band transmission and excellent out-of-
band rejection. An illuminator, identical to those in
the LWS, is used as the stepped FIR source. High
illuminator temperatures 1,150 K2 are used to en-
sure that the filter passband is in, or close to, the
Rayleigh–Jeans part of the spectrum, thus reducing
the sensitivity of the system to fluctuations in illumi-
nator drive current. Neutral-density filtering at-
tenuates the illuminator signal to levels that will be
used in flight. With this arrangement, signal power
levels at the detector can be varied from 10217 to
10214 W. So that the photon background is mini-
Table 1. Measured Performance Parameters of the LWS Detectors

Detector
Type

Operating
Temperature 1K2

Bias Electric
Field 1V cm212

Dark Current
1e@s2

Responsivity
1A@W2

Noise Equivalent Power
1WHz21@2@102182

Ge:Be 3.0 6.0 200–700 0.4 10
Ge:Ga1u2 3.0 2.0 250–600 0.4–1.2 3.3–11.4
Ge:Ga1s2 1.85 0.7 50–2100a 2–9a 0.5–1.8

aThe large range quoted for the responsivities and dark currents of the stressed Ge:Ga detectors reflects the differing amounts of stress
applied to each element. Increasing the stress increases the dark current and the responsivity.



mized when the illuminator is switched off, the
external window of the dewar is sealed with a
blanking plate and the cold components are com-
pletely surrounded by a blackened radiation shield
bolted to the 4He cold plate. When the illuminator
is off, the detector current is very close to the
measured dark current.
The detector is connected to an integrating ampli-

fier.11 During an integration, the 7.5-pF input ca-
pacitance of the amplifier is charged up by the
detector current. The integrating node is periodi-
cally discharged by application of a reset pulse to the
device. For reset intervals very much less than the

Fig. 1. Transient response of the three LWS detector types to
rapid flashes 110 s on, 10 s off2 of a FIR illuminator. The upper,
middle, and lower panels show the response of Ge:Be, Ge:Ga1u2,
and stressed Ge:Ga1s2, respectively. The three sets of pulses in
each panel correspond to different illumination levels; the first
pulse set in each panel corresponds to an illumination level of
,4 3 107 photons s21.
RC time constant of the detector–amplifier combina-
tion, the output voltage is a linear ramp with time,
from which the detector current can be derived.
The period between resets is chosen from the range
0.2–4 s, depending on the detector current. The
first 0.1 s of each ramp is corrupted by settling effects
associatedwith the resetting process and is discarded.
The illuminator has a known settling time to a
current change of ,1 s; therefore, for transient
response measurements, the first second of data
after an illuminator current change is discarded and
detector transient response times ,0.5 s cannot be
accurately measured.

3. Measurements of Transient Response Times in a
Range of Ge Detectors

A standard procedure was followed to ensure repeat-
able conditions between illuminator pulses: 1a2 the
detector was allowed to settle in dark conditions for
10 min; 1b2 2 min of dark data were collected; 1c2 the
illuminator was switched on for approximately 5
min; 1d2 after the illuminator was switched off, data
acquisition continued for 2–5min to allow the switch-
off transient of the photoconductor to be observed.
Figure 4 shows typical transient responses observed
in the three detector types.
In what follows, the illumination step size is

expressed in terms of the change in the carrier

Fig. 2. Transient response to a step change in illumination as a
function of operating temperature, observed in a Ge:Ga1u2 detector
at 85 µm and 2 V cm21 bias. The five response curves correspond-
ing to different detector operating temperatures are shown as
contiguous in time but were actually separated by 10 min to allow
the detector operating temperature to be changed.

Fig. 3. Experimental configuration used to measure the detector
response to a step change in illumination.
1 April 1996 @ Vol. 35, No. 10 @ APPLIED OPTICS 1599



generation rate, Dg5 1DIdet@VcG2 cm23 s21, whereG is
the photoconductive gain, Vc is the volume of the
detector crystal in cubic centimeters, and Idet is the
detector current in electrons per second. The photo-
conductive gain is calculated from measurements of
the responsivity and quantum efficiency of the detec-
tors. Typical values of G 1which is a function of bias
voltage2 for the LWS detectors range from 0.1 for
Ge:Be 1Eb 5 6 V cm212 and Ge:Ga1u2 1Eb 5 2 V cm212 to
0.3 for Ge:Ga1s2 1Eb 5 0.7 V cm212.

A. Transient Response in a Ge:Ga1u2 Detector

The transient response of a LWSGe:Ga1u2 detector as
a function of illumination step size, Dg, and bias
electric field, Eb, was measured at 3 K and 85 µm.
Measurements were made at four different bias
levels, keeping Dg fixed, and then at five different
values of Dg, keeping Eb fixed. It was found that
after a step change in illumination, the time varia-
tion of the detector current, Idet, can always be well
fitted by an empirical model containing three time
constants 1see Fig. 52:

Idet 5 I031 1 a1 exp12t@t12 1 a2 exp12t@t22

1 a3 exp12t@t324. 112

where I0 is the final settled value of the current.
The amplitudes, ai, and time constants, ti, are func-
tions of the specific operating conditions. The com-
bination of the terms in t1 and t2 generate the
characteristic pulse-hook response 1see Figs. 1, 2,
and 42 if a1 is positive and a2 is negative. The LWS
Ge:Ga1u2 detectors always exhibit a pulse-hook re-

Fig. 4. Typical response curves to a step in illumination of 1a2 a
Ge:Be detector operated at 3 K, 50 µm, with a bias field of 6 V
cm21; 1b2 a Ge:Ga1u2 detector operated at 3 K, 85 µm, with a bias
field of 2 V cm21; 1c2 a Ge:Ga1s2 detector operated at 1.85 K, 160 µm,
with a bias field of 0.6 V cm21. The illumination step was chosen
to give a similar value of Dg 1,2 3 108 cm23 s212 in each case.
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sponse to a step illumination change under condi-
tions similar to those expected in flight. The third
time constant, t3, in this empirical model dominates
the overall settling time.
Figure 6 illustrates the dependence of ti on Dg and

Eb. Also shown is the time taken for the signal to
settle to 1% of its final value 1t1%2, calculated from the
empirical model with the appropriate fitted param-
eters. Because the settling times are much stron-
ger functions of bias than of illumination step size,
they must be a property of the detector, not the
illuminator.
When the bias is fixed, t2 and t3 are virtually

independent of Dgwhile the fastest time constant, t1,
does show a slight negative dependence, decreasing
by a factor of 2 if Dg is increased by a factor of 4.

Fig. 5. Results of a three time-constant fit to the step response of
the Ge:Ga1u2 detector operated at 3 K, 85 µm and a bias field of 2 V
cm21. The smooth curve is the best fit of the model to the data.

Fig. 6. Dependence of fitted time constants on 1a2 illumination
step size at a fixed bias of 2 V cm21 and 1b2 bias at a fixed
illumination step of 5 3 109 cm23 s21 for the Ge:Ga1u2 detector.
The operating temperature was 3 K.



When the illumination step size is fixed, t1 decreases
slightly with increasing bias while t2 and t3 show a
strong positive dependence on Eb. Consequently,
the hook response is faster at higher bias and signal
levels. The overall settling time is almost indepen-
dent of flux step size, but increases as Eb

3.3. Thus
the long settling time of the detector can be reduced
by operating at a lower bias, but at the cost of
decreased responsivity and sensitivity.

B. Transient Response in a Ge:Ga1s2 Detector

The LWS Ge:Ga1s2 detectors are identical to the
Ge:Ga1u2 detectors, apart from the application of
stress to the crystal to increase the long wavelength
cutoff. The transient response of a LWS Ge:Ga1s2
detector was measured at 1.85 K and 160 µm.
Figure 4 illustrates how the behavior of this detector
differs from that of its unstressed counterpart. A
pulse-hook response is visible on the transient re-
sponse of the Ge:Ga1s2 detector, but it is clearly very
fast 191 s2. This is in contrast to the Ge:Ga1u2
detector, which shows a slow pulse-hook response
that becomes slower still as the operating tempera-
ture is reduced 1see Fig. 22. The three time-constant
empirical model also provides good fits to the
Ge:Ga1s2 step response curves. Figure 7 shows the
variation of t2 and t3 with Dg and Eb 1t1 is90.2 s and
thus is too fast to be accurately measured with this
experimental arrangement2. At fixed bias, t1% shows
a weak negative dependence on Dg, decreasing by a
factor of 3 with a factor of 10 increase in the flux step.
This is in contrast to the lack of dependence of t1% on
Dg exhibited by the Ge:Ga1u2 detector. The bias
dependence of t1% is also weak, scaling as Eb

0.6

compared with Eb
3.3 for the Ge:Ga1u2 device.

Fig. 7. Dependence of fitted time constants on 1a2 illumination
step size at a fixed bias of 0.7 V cm21 and 1b2 bias at a fixed
illumination step of 7 3 108 cm23 s21 for the Ge:Ga1s2 detector.
The operating temperature was 1.85 K.
C. Transient Response of a Ge:Be Detector

The transient behavior of a LWS Ge:Be detector to
step changes in illumination has been investigated
at 3 K and 50 µm. The crystal size and mounting
configuration are identical to that of the Ge:Ga1u2
detector. The transient response curves can also be
fitted by the three time-constant model for all values
of Eb and Dg. However, there are some important
differences between the behavior of this detector and
that of the Ge:Ga detectors. First, the ai param-
eters all take positive values; consequently, there is
no pulse-hook response 1see Fig. 42. Second, a notice-
ably long switch-off transient can also be fitted by
the three time-constant model, but with time con-
stants that are always shorter than the correspond-
ing switch-on constants. The switch-off transient
seen in Ge:Ga detectors is extremely short compared
with that of the Ge:Be detector.
Figure 8 shows the variation of the ti values fitted

to the switch-on transient as a function of Dg and Eb.
The time constants show a negative dependence on
Dg comparable with that observed in the Ge:Ga1s2
detectors. The 1% settling time decreases approxi-
mately linearly with increasing Dg but depends only
weakly on bias.

D. Effects of Operating Temperature on the Transient
Response Times of the Long Wavelength Spectrometer
Unstressed Detectors

The effect of operating temperature on the transient
response times of both the LWS Ge:Ga1u2 and Ge:Be
detectors has also been investigated. The experi-
mental configuration used in this study is unsuitable
for measuring the transient response of Ge:Ga1s2 at
temperatures above 1.85 K because the dark current

Fig. 8. Dependence of fitted time constants on 1a2 illumination
step size at a fixed bias of 6 V cm21 and 1b2 bias at a fixed
illumination step of 6 3 109 cm23 s21 for the Ge:Be detector. The
operating temperature was 3 K.
1 April 1996 @ Vol. 35, No. 10 @ APPLIED OPTICS 1601



increases strongly with increased temperature and
quickly saturates the integrating amplifier.
Figure 9 shows the variation of ti with tempera-

ture for the two detector types. The 1% settling
time of the Ge:Ga1u2 detector decreases as roughly
the 20th power of the temperature. Consequently,
by operation of these detectors at 3 K in the LWS, the
response time, as well as freedom from spontaneous
spiking 1seeSubsection1.B.2, is considerably improved.
In contrast, the Ge:Be detector shows a weak in-
crease in response time with increased temperature.
However, by operation of this detector at 3 K in the
LWS rather than at 2.5 K, spontaneous spiking is
reduced at the cost of an increase in response time of
only 30%.
For the differences in settling behavior observed in

the three LWS detector types to be summarized,
power laws have been fitted to the 1% settling times
shown in Figs. 6–9. Clearly, not all the data are
well fitted by a power law; however, the indices
summarized in Table 2 serve as a rough guide to the
behavior of each detector type and allow the different
devices to be compared to first order.

4. Modeling of Inherent Nonlinear Effects

The transient response of an extrinsic photoconduc-
tor to a change in incident photon flux has been
addressed theoretically with varying degrees of com-
plexity and assumptions. In its simplest form, the
transient response is determined by the lifetime of
the excess carriers. For extrinsic Ge photoconduc-
tors operated at low photon backgrounds, this life-
time is determined by the concentration of minority
dopants, ND 1which produce the ionized sites for
recombination2, and the product of capture cross
section, s, and carrier velocity, v, such that t 5

Fig. 9. Dependence of fitted time constants on detector operating
temperature for 1a2 a Ge:Ga1u2 detector at a fixed bias of 2 V cm21

and a step size of 5 3 108 cm23 s21 and 1b2 a Ge:Be detector at a
fixed bias of 6 V cm21 and a fixed step size of 109 cm23 s21.
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1Nsv221. For commonly used materials, with detec-
tor operating temperatures of 2–4 K, this time is of
the order of 1029–1027 s.
However, this model is valid only for an infinitely

long detector with no additional trapping centers.
In practice, the transient response can be dominated
either by trapping phenomena3,12 or by carrier sweep
out, out diffusion, or both, which are associated with
the finite length of the device.13,14 We compare the
experimental results obtained here to current mod-
els.
It has long been known that defect centers shal-

lower than the primary dopant can lead to trapping.
The high-qualitymaterials used for Ge:Ga andGe:Be
photoconductors are generally not affected by unin-
tended dopants, but in 1989 Haegel et al. showed
that the trapping associated with Be1 centers can
explain slow transient response in Ge:Be detectors.3
Nonequilibrium Be1 centers form when a neutral Be
center captures an additional hole,15 analogous to
the formation of D2 centers in n-type semiconductors.
One candidate, therefore, for the slow transient
response of the LWS Ge:Be and Ge:Ga detectors is
the trapping associated with Be1 and Ga1 centers.
Transient effects caused by trapping are strongly

dependent on temperature because the time re-
quired to equilibrate the traps depends exponen-
tially on the ratio of trap energy to thermal energy,
kT. By taking into account the temperature depen-
dence of the free carrier lifetime and the density of
states, one can estimate the energy level of the trap
involved.3 The LWS Ge:Be detectors exhibit a set-
tling time that actually increases with increasing
temperature, thus ruling out any type of dominant
thermal trapping mechanism. For the Ge:Ga1u2 de-
vices, the temperature dependence of t3 is much
steeper 1corresponding to an activation energy eexp 5 6
meV2 than is predicted16 for Ga1 trapping 1eGa1 5 2.4
meV2. We conclude that, for the LWS unstressed
detectors at least, trapping is not the primary cause
of the slow transient responses we observe.
The second phenomenon that can lead to long

transients in extrinsic photoconductors is the sweep
out of carriers after an increase in photon flux. This
leads to a period of time during which excess space
charge forms inside the device, producing a change
in the electric field near the contact that counteracts
the sweep out of the carriers, allowing the device to
reach its new equilibrium level of current flow.
This behavior occurs primarily under very low back-
ground conditions and relatively high levels of ap-
plied bias, and it has been modeled analytically by
Fouks13 and numerically by Haegel et al.14 Initial

Table 2. Summary of the Power Law Indices Determined for t1% as a
Function of Dg, Eb, and T from Figs. 6–9

Parameter Ge:Ga1u2 Ge:Ga1s2 Ge:Be

Dg 1cm23 s212 20.01 6 0.02 20.45 6 0.07 20.96 6 0.06
Eb 1V cm212 3.30 6 0.13 0.60 6 0.76 20.57 6 0.10
T 1K2 219.5 6 1.8 — 1.6 6 0.7



research byHaegel et al. on thin detectors at low bias
1where out diffusion is dominant2 has recently been
extended to standard size detectors under actual
operating biases.
In the small signal numerical analysis of Haegel et

al., the transient response is found to consist of both
a fast and a slow component. The time constant of
the fast component is given by the free carrier
lifetime, whereas the slow component cannot be
described with a single exponential time constant.
This is consistent with the empirical fitting of mul-
tiple time constants used in Section 3. This model
also produces a pulse-hook effect like that observed
in the LWS, and other, extrinsic photoconductors.
The model predicts a slow transient response that

is inversely dependent on the hole-generation rate,
implying that the transient time can vary from
temperature independent 1or even weakly increas-
ing2 when the generation is completely photon domi-
nated, to strongly decreasing 1t becomesmuch shorter
with increasing temperature2 when thermal genera-
tion begins to play a significant role. Both types of
behavior have been observed in the LWS detectors.
The electric-field dependence in the Haegel et al.

model has two effects. First, the magnitude of the
slow component increases with increased Eb as addi-
tional carriers are initially swept out of the device.
Second, when sweep out is dominant, the slow
transient time is, to first order, linear in the applied
field Eb. Thus the effect of field on both net genera-
tion rate and the magnitude of the slow component
can be combined to obtain a variety of results for the
dependence of a fitted parameter such as t3. The
variations with detector material are most probably
associated with different optical versus thermal gen-
eration rates, as well as field effects, for the different
dopant ionization energies.
It is difficult to compare the actual detector results

with predictions from the numerical model because
the model is based on a small signal analysis, i.e.,
changes in photon flux that are small compared with
the initial background flux. The experiments, in
contrast, are conducted in a large signal limit, where
the change in flux is many orders of magnitude
higher than the initial value. A typical example
would be a starting carrier generation rate of 105
cm23 s21, followed by the addition of a signal with an
optical generation rate of 109 cm23 s21. If we con-
sider the results of the small-signal numerical mod-
eling for Ge:Ga detectors under comparable bias, we
find transient times ranging from 0.1 s 1for a back-
ground of 109 cm23 s212 to 1000 s 1for a background of
105 cm23 s212, bracketing the experimental transient
times observed. Although the model predicts a
transient time that is inversely proportional to the
generation rate, the weaker flux dependence ob-
served heremay indicate a saturation of this effect at
very large flux steps.
The analytical model developed by Fouks can be

applied in a large signal limit. This approach,
however, requires the assumption that internal field
changes are small compared with the external ap-
plied field. Although this is often a good assump-
tion for Si photoconductors, where relatively large
applied fields can be used, it is less valid for Ge,
where shallower levels result in lower breakdown
fields. Like the numerical model, the Fouks model
predicts an inverse dependence on photon flux, as
well as a dependence on device gain.
To summarize, a qualitative analysis of the tran-

sient data obtained for the LWS Ge photoconductors
indicates that carrier sweep out followed by electric-
field adjustments in the near-contact region is the
most probable cause of the long transient response.
Numerical modeling in the small-signal limit shows
that this phenomenon can lead to transient times of
the order of magnitude of those observed. For these
models to be used to predict actual settling times,
however, additional numerical modeling is required
to address the effect of the large step size in photon
flux. Algorithms could be developed, based on these
models, to allow predictions of final current levels
based on initial transient behavior.

5. Conclusions

We have explored transient effects as a function of
detector type, bias, and operating temperture.
Spontaneous spiking causes significant degradation
of the performance of the Ge:Be and Ge:Ga1u2 detec-
tors at temperatures below 2.5 K, whereas the
Ge:Ga1s2 detectors remain well behaved even below
1.8 K. The effects of bias and illumination step size
on the slow relaxation after an illumination change
have been systematically investigated, and a simple
empirical model for the time response has been
developed. There are significant differences in be-
havior among the three detector types.
The results have been compared with models for

characteristic settling times. Although a single
characteristic time may be successful in reproducing
some features of observed behavior, very complicated
modeling, requiring numerical integration with
boundary conditions specific to the particular operat-
ing conditions, will be required to reproduce accu-
rately the transient response curves. For practical
applications, such as improved calibration of the
LWS, empirical modeling of the type presented here
may be more appropriate.
Inherent nonlinear effects are not expected to pose

a problem during LWS observations of astronomical
sources in which a diffraction grating or a diffraction
grating and Fabry–Perot interferometer combina-
tion is moved to scan the spectrum of the source
across the detectors. Laboratory tests of the as-
sembled instrument have shown that the small-
signal changes that generally occur do not signifi-
cantly perturb the detector and that the response is
linear. Transient response will affect calibration
with the on-board illumination sources but may be
reduced by employment of frequent calibration with
a gradual increase rather than a large step change in
signal. The actual calibration scheme chosen and
1 April 1996 @ Vol. 35, No. 10 @ APPLIED OPTICS 1603



the frequency of calibrations will take into account
changes in behavior that may be induced by the
ionizing radiation environment encountered in or-
bit.17
Spontaneous spiking is prevented by operation of

the unstressed detectors at 3 K, where these prob-
lems do not occur. Additionally, if unexpected spik-
ing behavior should be encountered in flight, the
ability exists to reduce the bias level of each detector
independently so that spontaneous breakdown will
not occur. Through careful operation of the LWS,
there should be a minimal loss in total observation
time caused by these nonlinear effects.
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Frankfurt a.M. 90, Germany 1personal communication,
19922.

9. Model TRS, Infrared Labs, Tucson, Ariz. 85719.
10. S. E. Church, M. J. Griffin, P. A. R. Ade, M. C. Price, R. J.

Emery, and B. M. Swinyard, ‘‘Calibration and performance
testing of doped-germanium photoconductors for the ISO
Long Wavelength Spectrometer,’’ Infrared Phys. 34, 389–406
119932.

11. Model JF4, Infrared Labs, Tucson, Ariz. 85719.
12. S. M. Ryvkin, Photoelectric Effects in Semiconductors 1Consul-

tants Bureau, NewYork, 19642.
13. B. I. Fouks, ‘‘Non-stationary behavior of low background

photon detectors,’’ in Proceedings of the ESA Symposium on
Photon Detectors for Space Instrumentation 1European Space
Agency, Noordwijk, 19922, SP-356, pp. 167–174, and refer-
ences therein.

14. N. M. Haegel, C. A. Latasa, and A. M. White, ‘‘Transient
response of infrared photoconductors: the roles of contacts
and space charge,’’Appl. Phys. A 56, 15–21 119932.

15. E. E. Haller, R. E. MacMurray, Jr., L. M. Falicov, N. M.
Haegel, and W. L. Hansen, ‘‘Three holes bound to a double
acceptor: Be1 in germanium,’’ Phys. Rev. Lett. 51, 1089–
1091 119832.

16. E. I. Gershenzon, G. N. Gol’tsman, A. P. Mel’nikov, ‘‘Binding
energy of a carrier with a neutral impurity atom in germa-
nium and in silicon,’’ Pis’ma Zh. Eksp. Teor. Fiz. 14, 281–282
119712 3JETP Lett. 14, 185–186 1197124.

17. M. C. Price, M. J. Griffin, S. E. Church, A. G. Murray, and
P. A. R. Ade, ‘‘Ionising radiation induced effects in doped
germanium FIR photoconductors,’’ in Proceedings of the Euro-
pean Space Agency Symposium on Photon Detectors for Space
Instrumentation 1ESA, Nordwijk, 19922, SP-356, pp. 309–312.


