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antum-wel1 lnfrared Photodetectors (QWIPs) have poten- 

tial applicability in many remote-sensing applications, even in the space 
environment where low background fluxes are involved. In this environ- 
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™ ♦ £ 5lm- 3 tl!aP-assisted tunneling could dominate the dark 
ool ■ I SViCe resistance> wh|ch is bias-dependent, increases by 
several orders of magnitude at these temperatures and may pose a 
problem. We have seen offsets in the current-versus-voltage (/- V) char- 
acteristics (nonzero current at zero bias not associated with dopant mi- 
gration) which could impair the compatibility of a QWIP array with a 
readout circuit. We propose that these offsets are due to an RC time- 
constant effect. We further propose that the resistance in this time con- 
stant is due to tunneling mechanisms (and not due to contact resis- 
tance), which in turn are structure- and bias-dependent. We discuss our 
observations and present a circuit model of a QWIP that explains these 
Observations nearly completely.   © 1999 Society of Photo-Optical Instrumentation 
Engineers. [S0091 -3286(99)01908-X] 
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1   Introduction 

Quantum-well infrared photodetectors (QWIPs) have two 
major issues that impede their performance: low optical 
conversion efficiency and high dark current. In this paper, 
we will concentrate on the dark-current issues. In a QWIP 
detector, there are two sources of dark current: phonon- and 
thermally assisted emission, which dominate at higher tem- 
peratures, and trap-assisted and Fowler-Nordheim tunnel- 
ing, which dominate at lower temperatures. The tunneling 
limit is the lowest achievable dark current of a device. Most 
of the dark-current reduction efforts to date have been fo- 
cused in the high-photon background regime and aimed at 
increasing the operating temperature for detection at higher 
backgrounds. Hence, numerous research groups have de- 
veloped   several   approaches   to   reducing   the   high- 
temperature dark current. The first QWTP structure was de- 
signed with two bound states in the well.1 Application of a 
bias voltage allowed the photoexcited electrons to tunnel 
out of the wells and into the continuum states. The barriers 
in this structure were relatively narrow (<100 Ä), and the 
bias voltage required for maximum responsivity was high 
(~9 V). Subsequently, a bound-to-continuum structure was 
proposed,  where the upper energy level was pushed into 
the continuum. Although the responsivity was reduced due 
to the reduction in' oscillator strength, the dark current was 
reduced by several orders of magnitude for two reasons: a 
smaller bias was required for optimum responsivity, and 
wider barriers were permitted, thus reducing the tunneling 
component of the dark current. The structure that is a com- 
promise between these two approaches and achieves both 
high responsivity and low dark current is the bound-to- 

quasibound structure, where the second energy level is 
close to the continuum, but is still considered a bound state. 
Optimization of the well doping and barrier widths for this 
structure has also been performed. Other structures that 
have aimed at dark-current reduction are 
bound-to-miniband,3'4 graded barrier,5 and the quantum- 
well transistor. Other types of quaiitum-well photodetec- 
tors, such as p-type strained layer superlattices7 and bound- 
to-quasibound structures grown by metal-organic chemical 
vapor deposition (MOCVD), also show promise of low 
dark current at higher operating temperatures. In this paper 
we have chosen samples that are representative of the most 
common n-type band structures. 

The environment that presents the severest constraints 
on dark current is space. Space-based sensors must deal 
with backgrounds of the order of 1013 photons/cm2 s or less, 
requiring low-temperature operation (-40 K) in order to 
reduce the internal detector noise below the background 
noise. At these operating temperatures, the dark current in 
long-wavelength infrared (LWIR) QWIPs is dominated by 
tunneling mechanisms, and a different approach to reducing 
this dark current is essential. We have observed an interest- 
ing effect while studying the low-temperature dark current 
in QWTPs in several of the structures mentioned above.8,9 

The low-temperature current-voltage (I-V) characteristics 
showed a pronounced offset effect, i.e., a nonzero current at 
zero applied bias. The offset was found to be approximately 
1 V, and to depend on a time delay in the application of the 
bias, indicative of an RC time-constant effect. Observation 
of a nonzero current under zero bias in a photoconductive 
device has been seen by others. However, it was attributed 
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either to the capacitance in the cables used in the measure- 
ment setup, to poor contacts, or to dopant migration, and 
Was considered unimportant at 77 K or higher. We have 
been able to rule out cable capacitance, since it would be in 
parallel with any device resistance, and the existence of an 
RC time constant requires a capacitance in series with a 
resistance'. We have also ruled out a high contact resistance 
as the source of tie observed offset, as is shown in Sec. 2. 
Also, this offset effect is in addition to any offsets due to 
dopant migration (which would lead to a time-independent 
offset), and can be quite pronounced at lower temperatures. 
Therefore, for the low-temperature operation required of 
space-based sensors, this effect could be very important not 
only for overall device performance but also for its mating 
to readout electronics. 

In this paper, we present an RC circuit model of a QWDP 
to explain the time-constant effects in the low-temperature 
(40-K) dark current. Recently there have been several 
QWEP models that have included resistance and capaci- 
tance effects.10'11 A parallel RC circuit representation of a 
QWIP structure has been used to model a QWIP for imped- 
ance spectroscopy,12 or to describe the nonuniform vertical 
charge transport and relaxation in QWIPs.13 The significant 
feature of our model is the addition of a resistance in series 
with the capacitance. We propose that the series resistance 
in this RC circuit is due to tunneling mechanisms (which 
dominate the dark current at lower temperatures), which in 
turn are structure- and bias-dependent. The capacitance is a 
barrier capacitance that can give rise to a quantum- 
mechanical separation of charge by the barriers and has 
been described by Ershov et al.14 The unusual capacitance 
behavior of QWTPs with frequency and bias has also been 
observed by Ershov et al.15 We have applied our RC circuit 
model to several QWEP structures and found that it de- 
scribes their low-temperature I-V characteristics very well. 

In the next section we describe the model to explain this 
offset effect associated with low-temperature dark currents 
in QWIP detectors. Our experimental techniques and some 
general observations are described in Sec. 3. Comparisons 
of the experimental observations with the model predic- 
tions are described in Sec. 4. Finally, the conclusions and 
the implications of our study are discussed in Sec. 5. 

2   The Model 

In this section we describe an RC circuit model of a QWIP 
(see Fig. 1) to explain the I-V offset described in Sec. 1. A 
QWD? detector is a photoconductor with a mesa structure. 
The conductivity of the detector, and hence its resistance, is 
governed by the doping concentration, the integrity of the 
contacts, the bandgap structure (bound-to-continuum versus 
bound-to-quasibound, etc.), and the pixel area. Capacitance 
within the QWTP itself contributes to the I-V characteris- 
tics via the charge accumulation within the wells separated 
by the barriers. In addition, there is an external capacitance, 
or geometric capacitance14 due to the geometry of the de- 
vice including the contacts, which are generally made on 
either side of the mesa structure. Ershov et al. have sug- 
gested that the potential drop across the QWD? structure is 
not uniform, due to the barrier potential at the emitter con- 
tact. We would like to point out that ours is a linear model, 
i.e., the voltage drop is taken to be equal across each circuit 
element. 

Rm/2 

(a) 

Rmfl Rb Rb 
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Fig. 1 (a) Band structure of a typical QWIP showing the sources of 
the resistances and capacitance used in the circuit model, (b) RC- 
circuit equivalent'of a QWIP. (c) Schematic of the bias versus time 
for the /- V measurements. 

We picture three main components to the overall low- 
temperature resistance of a QWIP. There is an ohmic bulk 
resistance due to electron propagation through the con- 
tinuum states (i?buik)> a bias-dependent dynamic resistance 
to current passing each quantum well due to the probability 
of capture by the well (i?capture)> ^d another dynamic re- 
sistance that arises from electrons attempting to escape 
from the quantum wells via phonon-assisted or thermally 

. assisted excitation or via Fowler-Nordheim or trap-assisted 
tunneling (^escape)- ^ Fig- 1> we lab^ these various resis- 
tances as Rb=Rhak+isomre and Rt=ResC3.vs- hi the figure, 
we also label a mesa contact resistance (Rm). We have 
measured this resistance at room temperature and found it 
to be less than 100 fl. Since the contact resistance is inde- 
pendent of temperature, it does not affect the I- V offset that 
is the subject of this paper. 

The bulk resistance can be estimated very roughly as 
follows: 

-Rhulk-      7 — 

<TA     enfiA (1) 

where L = length, cr= conductivity, e = electronic charge, 
n = charge density, /i=mobility, and A = area. Using a mo- 
bility of around 103 cnrVV s (for a GaAs/AlGaAs quantum- 
well structure),17 a length of 350 Ä, a pixel area of (100 
fimf, and a charge density given by 

n = n$e -{Ec-Ep)lkT (2) 
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with «0~1018/cm3, Ec-EF~0.125eV (i.e., ~10-//m in- 
frared response), and r=50K, we find the bulk resistance 
to be around 109 fl. At 40 K it is of the order of 106 ti. 
The resistance due to capture by the quantum wells can be 
thought of in terms of the probability of capture as follows: 

R 
•^bulkP 

capture 
capture 

*-    P capture 
(3) 

so that .RCaPture becomes infinite when the probability of 
capture is 100%, and it is zero if the probability of capture 
is zero. Here, ^capture=.P phonon out (the probability of capture 
via phonon emission). We therefore find for Rb 

i?h~ 
R bulk 

1-p capture 
(4) 

so that Rb is infinite if the probability of capture is 100% 
and is Äblük if the probability of capture is zero (i.e., if the 
well is not there). Similarly, the leakage resistance due to 
escape from the quantum wells' can be written as 

Rt=R 
R bulk 

escape 
'escape 

(5) 

so that Rt is infinite when the probability for escape is zero 
and is i?bu]t when the probability for escape is 100% (again, 
if the Well is not  there).  Here, J>eScape=.Pph°n°nin+.P thermal 
+.Ptunaei (pphonon in=probability of escape via phonon ab- 
sorption, pthermal=probability of escape via thermal assis- 
tance, and /^^probability of escape via tunneling). 
Thermionic emission,, phonon-assisted capture and escape, 
and tunneling escape rates have been studied quite exten- 
sively over the past few years.18-26 t 

The internal capacitance due to the quantum wells them- 
selves can be approximated as follows: 

6(x)e0A 
(6) 

where e(jc)=13.18-3.12x, e0=8.85X KT12C2/Nm2, A 
= area of pixel, and d=length of barrier between wells. 
Using x=0.3 (Al mole fraction), area=(100^,m)2, and 
barrier length = 300 Ä, we see that C0 can be of the order 
of 0.4 pF. For each device, we will determine its own C0 

value. This calculation merely shows the order of magni-. 
tude that we can expect. The capacitance indicated in the 
QWIP circuit diagram is then related to this value by 

^     (1     P escape) CQ, (7) 

so that C becomes zero when the probability of escape from 
the wells is 100% (i.e., when the existence of the wells is 
immaterial, the effect of the capacitance is nonexistent). 

We first applied a circuit model in which the Rt of Fig. 1 
was not present (i.e., merely a capacitor and a resistor in 
parallel12'13). Since the bulk resistance is so large and the 
mesa resistance is only around 100 fl, this circuit led to an 
RC time constant in which the role of the resistance was 

taken -solely by the mesa resistance. Therefore, the time 
constant for this circuit did not lead to any residual dark 
current when the bias was turned to zero. With a capaci- 
tance of picofarads, a resistance of the order of 1011 Ü or 
greater is required in order to predict the kinds of current 
offsets that are seen in the experimental data. It is for this 
reason that we have proposed the circuit shown in Fig. 1, 
which includes a large quantum-well tunneling leakage re- 
sistance in series with the quantum-well capacitance. This 
"circuit leads to the following equation for the voltage drop 
across the quantum-well capacitor: 

"♦S*SKe*K v-V=Q, (8) 

where V is the applied bias voltage and N is the number of 
quantum wells in the device. When the bias voltage is taken 
to be the stairstep function shown in Fig. 1(c), the dark 
current derived from this equation is 

VJ 7_   Rb+Rt   Vj   j, I    Rb/R' 

Rm+NRbR'    £b\l+Rm/NRhlRm+NRb 

X(i-e-A'«'c)e-(tj.-I,.)«'c (9a) 

*b+*V2 ^(l-e-M^e-W'W       (9b) 
NRbRt 

where the resistance R' is given by 

R'=Rt+ 
RmRi 

Rm+NRb" 'Rt, (10) 

and the approximate equalities used above are good when 
-ßm^b > Rt (as is the case here). 

From the equation for the dark current /, we see that the 
equivalent resistance for the circuit in steady state is 

2?eq=7v-flb+i?m. (ID 

We take this equivalent resistance to be the dynamic resis- 
tance measured during the experiment. We also take Rt to 
be a dynamic, voltage-dependent quantity, if not the same 
as i?eq, then closely related to it. Using the experimental 

■ data, we numerically take the reciprocal of the derivative of 
the dark current to find the bias-dependent Req. The maxi- 
mum value of this dynamic resistance occurs at V= 0 and 
results in the maximum value for the RC time constant. The 
minimum value of this equivalent resistance occurs when 
the bias voltage is maximum,' and yields the maximum 
dark-current value. 

For the theoretical fit to the experimental data, we took 
both Rt and Rh to be bias-dependent. The first is bias- 
dependent due to Fowler-Nordheim tunneling, and the sec- 
ond is bias-dependent due to the capture probability being 
dependent on the velocity with which the electrons drift 
past the quantum wells. For the bias dependence of R^, we 
tried both Gaussian and Lorentzian functions, and found 
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that the best fit to the curvature of both the raw current data 
as well as the log of the dark current occurred when we 
used the Lorentzian. The Lorentzian we used is 

R 
ay2 

eq   (V-V^+y2 + b, (12) 

where the constants a and b are given by using the maxi- 
mum equivalent resistance at VQ and the minimum equiva- 
lent resistance at ±5 V, each calculated from the measured 
dark current. Here, of course, y represents the width of the 
Lorentzian function. 

To summarize our numerical fitting procedure: We first 
measured the maximum dark current at the maximum bias 
to determine the minimum for the equivalent resistance in 
Eq. (11). Assuming i?t was equal to i?b, we determined the 
maximum equivalent resistance by estimating the RC time 
constant required to yield the experimental offset value, 
after approximating the capacitance C from the experimen- 
tally measured device capacitance. We approximated the 
half-width of the Lorentzian to be used by looking at the 
•reciprocals of the numerical derivatives of the dark-current 
curves at zero bias. Once all these values were determined, 
we slightly varied C, the maximum and minimum values of 
i?eq, the half-width of the Lorentzian bias dependence, and 
the proportionality factor between R\ and Rh until the ex- 
perimental data (not only the offset value itself, but the 
shapes of the raw dark current and log of the dark current 
curves as well) were reproduced. 

In order to verify if the series resistance was due to poor 
contacts, instead of tunnehng mechanisms, we applied the 
above model with a high contact resistance Rm (instead of 
the low value of 100 ß) and eliminated the tunneling resis- 
tance i?t. Although the offset could be reproduced, the 
curve shapes [raw dark current versus bias, log(dark cur- 
rent) versus bias, and dynamic resistance versus bias] were 
all very different from the experimental data. 

3   Experimental Details 
The experiment was designed to measure the resistance and 
capacitance of the detector. Both I-V and capacitance mea- 
surements were performed on a select group of QWIP de- 
tectors. The dynamic resistance of the detector at low bi- 
ases, the capacitance, and the RC time constant were 
inferred from these measurements. 

Precise I- V measurements were made using a Keithley 
236 Source Measure unit under computer control. The mea- 
surement involves the application of a dc bias for a speci- 
fied time interval (delay) and the measurement of the dc 
current at the end of that interval. The resolution of this 
unit, specified by the manufacturer, is 10 fA. The device 
was mounted in a dewar cooled with liquid helium, and a 
darkened metal plate was placed at the aperture of the 
dewar. A cold shield maintained at 77 K was inserted over 
the device. All these precautions were taken to ensure that 
the current we measured was the dark current at a low 
background of 109 photons/cm2 s or less. 

The I-V characteristics of these devices were measured 
at 40 K, at 77 K, and at room temperature. From the room- 
temperature measurements, we inferred that the contact re- 
sistance (i?m) was.less than 100 O. While no offsets were 

observed at 77 K, some devices showed significant offsets 
(~1 V) in the I- V characteristics at the lower temperatures. 
The magnitude of the offset decreased as the delay was 
increased, and the sign of the offset switched polarity when 
the direction of the bias scan was reversed. The delay be- 
tween bias turn-on and current measurement was varied 
from 1 s up to 60 s in order to observe the time-constant 
effects. The bias was scanned from +5 to -5 V and vice- 
versa. 

Capacitance measurements were also made on these de- 
vices using a SULA Technologies capacitance meter. The 
capacitance was measured at several temperatures, includ- 
ing 40 and 77 K. The capacitance showed sharp tempera- 
ture dependence, starting at a significant value at the low 
temperatures and becoming negligible at 77 K. The capaci- 
tance was measured at a standard frequency of 1 MHz. At 
this frequency, the capacitance is fairly bias-independent. 

The devices chosen for this study are representative of 
many QWIP detectors that have been developed to date. 
The effect of the structure, doping concentration, and pixel 
size on the magnitude of the offsets was investigated. De- 
vices used in this study were obtained from the Industrial 
Microelectronics Center in Sweden, AT&T,..and Lockheed- 
Martin. 

4   Comparison with the Model 
In this section, we compare our experimental and theoreti- 
cal results for the four devices (devices A through D) used 
in this study. For each of these devices, we first give a 
representation of their band structures. Then we show the 
experimental and theoretical curves for log(dark current) 
versus bias in order to present the offset information, raw 
dark current versus bias to indicate the theoretical and ex- 
perimental matching of curve shapes, and the dynamic 
equivalent resistance calculated from both the experimental 
and theoretical dark-current curves. Note that all of the data 
we present here is for 40 K, since none of the devices 
showed an offset at 77 K. 

The first devices we investigated (devices A and B) were 
bound-to-quasibound (BQB) structures from the Industrial 
Microelectronics Center (IMC) of Sweden. The two de- 
vices had different doping concentrations, but the common 
band structure for each is represented in Fig. 2(a).. Also 
common to both of these devices was the fact that a bond- 
ing pad composed of the same quantum-well structure as 
the devices themselves was used. This resulted in a series 
of N quantum wells within each device, in parallel with 
another series of N quantum wells within the bonding pad. 

■ This setup leads to a device capacitance given by the fol- 
lowing: 

^ measured    ^ device"*" *-' pad 

_ £W e0 (A device "'"A pad) 

Nd 

=^'^rfpvirp       ^-,- 

1 device 
device     ^ measured 

■^■device ' "pad 

(13a) 

(13b) 

(13c) 

Using this Cdevice, we find the C0 of each quantum well for 
the circuit analysis as 
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(«) 

(b) 

(c) 

Fig. 2 Band diagram of (a) a bound-to-quasibound structure, (b) a 
bound-to-continuum structure, and (c) a bound-to-miniband struc- 
ture. 

Cfj    iv C device • (14) 

The bonding pads for each of these first two devices were 
200-fim squares. With an external capacitance of only 1 
pF, with each device being composed of 50 quantum wells, 
and with device areas that Were 150 /urn square for device 
A and 100 /xm square for device B, the measured capaci- 
tances of 77 and 38 pF lead to quantum-well capacitances 
of 1.4X 10-9 and 0.4X 10~9 F for devices A and B, respec- 
tively. 

Figures 3 and 4 show the experimental and theoretical 
results for these devices. In general, we see that these BQB 
structures have very narrow Lorentzian dynamic resis- 
tances, with very large peak values. The narrow widths of 
these Lorentzians result in a relatively narrow region of 
flattening of the current-versus-bias curves near zero bias. 
The large peak resistances result in large offsets (i.e., large 
RC time constants, leading to longer time delays before 
steady state is reached). Device A had a larger doping con- 
centration than device B, resulting in a peak resistance for 
device A less than that for device B (approximately 1.4 
X1013 versus 5X lt)13Xi), and hence an RC time constant 
and an offset that were smaller for device A than for device 
B. Notice that both the experimental data and the theoreti- 
cal model show a pronounced asymmetry at V= 0 in the 
log(dark current)-versus-bias curve for device B. The final 
numerical fit parameters used to reproduce the experimen- 
tal data for each device are listed in the captions for Figs. 3 

and 4. We would like to point out that this effect is not 
unique to these MOCVD-grown devices from IMC, Swe- 
den. Offsets of similar magnitude have been observed in all 
other BQB devices we have subsequently characterized. 

Device C is a bound-to-continuum (BC) structure from 
AT&T and shown schematically in Fig. 2(b). This device 
did not have an additional bonding pad; wires were taken 
directly from the device itself. Therefore, in Eq. (13) we set 
Apad=0. With this device having 34 quantum wells and a 
measured capacitance of 10 pF, Eq. (14) results in a 
quantum-well capacitance of about 3.4X 10-9 F. The ex- 
perimental and modeled data are shown in Fig. 5. Note that 
this BC structure has a broader Lorentzian lineshape for the 
equivalent resistance than the BQB structures from the 
IMC had. This is the reason there is a broader area of 
flatness in the current-versus-bias curves. In addition, the 
peak value of this resistance (approximately 4X1010Q) is 
much smaller, as expected, since the ground state is much 
shallower within the well for BC-type structures, and hence 
the escape probability is greater. This two-order-of- 
magnitude-smaller resistance leads to an RC time constant 
that is much smaller than for the BQB structures, and thus 
to a steady state that is reached much sooner. This results in 
there being no offset in the dark current for this BC struc- 
ture. Further, note that the asymmetries in the dark current 
and the log(dark current) curves are reproduced very well 
by the model. The final model parameters are again listed 
in the figure caption. In this case, to better match the ex- 
perimentally determined dynamic resistance function, we 
used Lorentzian sides connected by a linearly increasing 
function to model the dynamic resistance in this case. 

Device D is a bound-to-miniband (BM) structure from 
Lockheed Martin, shown in Fig. 2(c). This device also did 
not have the separate bonding pad, and so Apad= 0. With 
device D having 40 quantum wells and a measured capaci- 
tance of 70 pF, the quantum-well capacitance is approxi- 
mately 2.4X 10-9 F. The experimental and numerical data 
are plotted in Fig. 6, with the model parameters given in the 
caption. The equivalent resistance is very broad and nearly 
bias-independent, leading to a nice linear current-versus- 
bias curve. The maximum resistance value (approximately 
1.4X 10u Ü) was greater than for the BC structure and less 
than for the BQB structure, because a BM structure has two 
possibilities for tunneling: into the miniband and into the 
continuum. Although it is easier to tunnel into the miniband 
than into the continuum, the resistance of the miniband is 
greater than that of the continuum. Once again, we see that 
the device had a small enough resistance that no offset was 

• present. Finally, we see that the nearly perfect symmetry of 
this device is, once again, reproduced very nicely by the 
model. 

5   Conclusions and Implications 
In this study, we have attempted to explain the presence of 
a large nonzero dark current when the applied bias voltage 
is zero. We call this effect an offset in the 7-V characteris- 
tics and recognize that this is in addition to any intrinsic 
biasing present due to dopant migration. This offset effect 
is observed only at low temperatures (<50 K), when the 
dark currents are very low. We have proposed an RC circuit 
model that includes a bias-dependent ("dynamic") tunnel- 
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Fig. 4 Experimentally measured [(a), (c), and (e)] and theoretically calculated [(b), (d), and (f)] l-V 
characteristics for the IMC device with low doping (device B). (a) and (b) show the log of the absolute 
value of the dark current for various time delays. In (b) fleqmax=2x1013ß, Reqmin=5xl011 fl, y 
= 0.5, C=4.8X10~11 F, and R,= Rb except that Htmax=0.5flbmax. ,(c) and (d) show the dark current 
(A), and (e) and (f) show the resistance (ß) (calculated asthe reciprocal of the derivative of the 
dark-current curves) as functions of bias (V). 
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ing ("leakage") resistance in series with a quantum-well 
capacitance in addition to the usual bulk resistance in par- 
allel with the well capacitance. We found that it is the 
presence of this leakage resistance in series with the well 
capacitance that produces an RC time constant that, in turn, 
results in the observed current offsets. Using this circuit 
model, we derived an equation for the dark current that 
provides an excellent fit to the experimental data. With a 
Lorentzian shape for the bias dependence of the tunneling 
resistance, we were able to reproduce both the offset itself 

' as well as the asymmetries in the curve shapes. This model 
is, of course, very preliminary; however, it must contain 
much of the physics of the processes involved for the data 
to fit so well. Tue absence of the offset at higher tempera- 
tures is also predicted by this model, since the resistance 
and capacitance have strong inverse temperature depen- 
dence and are several orders of magnitude smaller at 77 K. 

Because the tunneling resistance was of the utmost im- 
portance for describing the offset effect, it is obvious that 
both the QWDP band structure and doping concentration 
will be very important. Quantum-well capacitance is also 
an important factor, but in the present study all of the ca- 
pacitances for each of the devices were very similar and 
therefore played only a minor role. Further, because the 
offset effect is due to an RC product, the pixel size or the 
barrier thickness will not play much of a role, since the two 
parameters cancel each other out. We have described both 
the series tunneling resistance and the parallel bulk-related 
resistance, in terms of escape and capture probabilities. The 
bound-to-quasibound (BQB) structure has a greater tunnel- 
ing resistance than either a bound-to-continuum (BC) or a 
bound-to-miniband (BM) structure, and therefore has the 
greatest offset value. The BC structure has the smallest 
tunneling resistance. We also found that the dynamic resis- 
tance for the BQB structure was a very narrow Lorentzian, 
while that of the BC structure was broader, and that of the 
BM was the broadest (very nearly bias-independent). 

It is obvious now that the design of a QWIP structure for 
strategic applications, where operating temperatures must 
be kept below 50 K due to the low backgrounds, must 
include careful attention to the resistance and capacitance 
of the device. We do need the overall device resistance to 
be high in order to reduce the dark current. However, a 
high resistance in series with the capacitance contributes to 
an RC time-constant effect. For extremely low back- 
grounds, capacitive transimpedance amplifier (CTIA) read- 
outs (with built-in gain) are desirable. A device capacitance 
greater than 1 pF would' make compatibility with this type 
of readout design difficult. 

A microscopic theory of the origins of the series resis- 
tance and capacitance due to the quantum wells separated 
by barriers is presently under investigation in our group. 
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