Temperature Insensitive
PIN Diode Attenuators
The authors studied the temperature dependence of PIN diode resistance for various
PIN geometries and discovered that for a particular PIN diode the resistance is
essentially temperature invariant, and is an attractive choice for attenuators to
operate over wide temperature extremes.
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iiice PIN diodes behave like current controlled
resistors at microwave frequencies, they are widely
used in analog attcnuators. When an attcnuator is
required to operate over a broad tempcraturc range. a
feedback loop or temperature compensated current
source may be included to maintain constant attenuation with temperature. In most designs, however, such
complications to the circuitry are not employed and the
PIN diode is biased with a constant current with no
attempt at temperature compensation. As a consequence, the attenuators's performance with temperature often is unknown a priori and is subjective to the
characteristics of the particular PIN diode selected.
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Although microwave circuits using PIN diodes have
becn designed for more than 25 years, there is nothing
rcportcdin the literature, toourknowledge,on thecffect
oftemperature on PINdioderesistance. In this paper M e
show the results of just such a study and how it can be
applied to PIN diode attenuators that are virtually temperature incensitive.
A nalysis
The relationship for thc microwave resistance of aPIN
diode contains terms that are related to the forward

current, device geometry, and electronic properties of
its semiconductor material. These parameters are related to the PIN diode resistance by the following simple
expression [ 1] :
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where W is the I-region thickness, mu is the I-region
ambipolar mobility, 10is the dc forward current and tau
is the ambipolar carrier lifetime. The stored charge Q of
the PIN diode is the product of the dc forward current
and the carrier lifetime. Of these factors, only the
mobility and carrier lifetime are functions of temperature and contribute to the dependence of the resistance
on temperature. Mobility is the proportionality con5tant
relating the average carrier velocity to the applied electric field.

Carrier lifetime is the recombination time constant of
the holes and electrons, equal to the time in which a
given number of them will recombine to 37% (I/e) of
their initial value. Recombination is equivalent to carrier death in that once an electron recombines with a
hole, neither is available as a mobile charge to carry
current in the I region of the PIN diode. Replenishment
of mobile charge is provided by the "dc" bias current to
the PIN diode.
The temperature dependence ofthe mobility in silicon
has been extensively studied 121 and it has been cstablished that mobility decreases with increasing temperature in the temperature range of interest. This "ambipolar"
mobility is the effective average mobility of electrons,
whichmove faster, and holes, whichmove slowcr, to an
applied electric field. This temperature dependence can
be approximated by

)

-n

Equation (2)
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in the temperaturerangeof223 to473 Kelvin(-50to 200
C) and with a value ofn in thenarrow range of approxiinately 2 to 2.2. Figure 1 shows a plot based on fits to
experimental data 121. Also plotted is the inobility
variation forn=2, indicating that themobility decreases
at nearly the game square law rate.

The temperature dependence of the carrier lifetime is
not as well understood, with most investigator\ relying
onmeasurements and analysis on gold doped devices. It
is known that the carrier lifetime is influenced by several
factors, outlined in the following expression 131:

where the first term is the intrin\ic lifetime, the term
A,,, is the lifetime determined by the Shockley-HallRead process, the third tcrm is the lifetime contribution
due to Auger recombination, and the temperature cxponcnts arc empirical fits to measured data 131. In silicon
PIN diodes, Auger rccombination is xeveral orders of'
magnitude less than that due to SHR recombination and
so this term can be neglected under norinal operating
condition 5.
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Figure I . Thc charge carricr mobility decreases within the
normal operating tcmpcraturc range of PIN diodes. Both the
electron and hole mobility dccrcasc with increasing temperature,and the ambipolar mobility dccrcascs at a rate that is nearly
inverse square law.

The intrinsic lifetime is quitc large (on the order of
milliwxnds) and is also a minor contributor to the
overall lifetime in silicon PIN diodes. This leaves only
the SHR term that influences PIN diodecai-rierlifetiinc.
The stored charge Q of the PIN diode is the product of
the dc forward current and the currier lifetime.
Based on these measurements and work performed by
other investigators on silicon deviccs [3-71. carrier
lif'etime has bccn found to increase with increasing
temperature. The temperature dependence of carrier
lifetime may be modeled by the following expression:

Combining Equations 2 and4 and assuming a value of
n equal to 2, the resistance temperature dependence of
a PIN diode may be approximated as follows:

Figure 2 shows the resistance ratio described by
Equation 5 plotted versus temperature using simulated
values of carrier lifetime coefficient m as a parameter.
The figure illustrates that, depending on the temperature dependence of the carrier lifetime. the resistance of
the PIN diode may increase, decrease or remain constant over a wide temperature range. A value of m equal
2 would result in no change in resistance with temperature.
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over the temperature range of 20 to 90 C were performed
on a variety of diode designs. Carrier lifetime was
calculated from stored charge measured using one of
several stored charge meters, Bermar models QS-65,
QS-85 and QS-63. A test fixture was constructed to fit
directly on the meter’s measurement port. This was
necessary to minimize lead lengths and ensure more
accurate measurements of stored charge, especially in
short carrier lifetime diodes. The temperature was
monitored using either a thermocouple or thermistor
assembly.

/‘
/

/

rn
2.5
11

OBI

07

1

-100 0

1.0

I’

-50.0

00

500

1000

1500

J

200.0

TEMPERATURE (C)

Figure 2. The resistance of a PIN diode may increase or decrease
with increasing temperature, depending on the rate of increase
of the carrier lifetime with temperature. Alinear increase in the
carrier lifetime with temperature causes an increase in resistance with temperature. A quadratic increase causes a nearly
constant resistance-temperature characteristic.

A variety of factors influence the carrier lifetime
temperature characteristic. Some ofthe important ones
are the diode geometry (specifically the I-region width
anddiametcr), the type of materialused to passivate the
diode surface, and whether impurities have been intentionally introduced into the intrinsic layer in order to
reduce carrier lifetime. Of these three factors. the first
two are typical of PIN diodes most commonly used in
microwave attenuator design. and are the focu5 of the
experimental measurements that we performed.

The data taken indicated that, in addition to the expected dependence of lifetime with passivation, there
was also noticed a dependence on the ratio of I-region
area to I-region width. Junction capacitance at punchthrough (the voltage at which the low frequency measured capacitance of the junction ceases to decrease) is
directly proportional to this ratio, and was used as its
measure. Figure 3 shows the measured dependence of
carrier lifetime factor m with respect to capacitance for
the three different passivations. The curves in Figure 3
are least square fits to the experimental data. For large
capacitance, nitride passivated diodes, carrier lifetime
increases approximately linearly with temperature (m= 1).
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Measurements were performed to determine independently the temperature dependence of resiytance, carricr lifetime and microwave attenuation. The specimen? ujed wcrePINdiodes specifically fabricated with
different geometries and surface passivation material?:
silicon dioxide, silicon nitride on silicon dioxide and
glass passivated diodes, prepared at M/A-COM, BSO.
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Figure 3. The carrier lifetime temperature coefficient m is a
function of diode capacitance as well as diode passivation.

The typical PIN diode used in microwave attenuators
is a silicon dioxide passivated device with capacitance
of the order of 0.10 pF Figure 3 shows that this device
has an m factor of approximately 1.7, which can be
expected to result in a minor resistance change with
temperature.

Carrier Lijetime and Resistance Measurements
Measurenicnts of stored charge versus temperature

Resistance measurements as a function of temperature
were also performed on the PIN diode specimens. These

attenuation variation over the temperature range indicated, agreeing with the best-fit curves shown inFigure
2. The large capacitance device exhibits a negative
temperature coefficient with a corresponding increase
in the attenuation. This is consistent with independent
stored charge and resistance measurements.
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Figure 4. Measurements of rcsistance versus temperature show
variability over a wide temperature range that is dependent on
the carrier lifetime coefficient
as well as passivation material.
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Figure 5. A theoretical curve showing that a shunt PIN diode
reflective attenuator containing a silicon oxide passivated diode
may exhibit a nearly constant attenuation-temperature characteristic for small capacitance diodes (0.1 pF) or an increasing
level of attenuation for Iargc capacitance diodes.
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B. Microwave Attenuator Measurements
These results indicate that the temperature dependence
of carrier lifetime is a good predictor of the temperature
coefficient of PIN diode resistance and therefore microwave attenuation. Figure 5 shows the expected pcrformance of a shunt connected PIN diode attenuator biased
at l0dB at room temperature. The figure shows predicted attenuation versus temperature for oxide passivated PIN diode? of capacitances between 0.1 and 2.0
pF. The figure yhowc that the attenuation varies with
temperature depending on the resistance temperature
coefficient, as predictedby Equation 5. The values of m
are taken from Figure 2 for the oxide passivated device.
Microwave attenuator measurements were also pcrformed on these PIN diode specimens installed in a
single diode shunt reflective attenuator fixture. Attenuator data were taken at frequencies between 1.O and 2.0
GHz using an HP 8510A Network AnalyLer. The
temperature was varied between -35 to + 125 C. Figure
6 shows the results of the measurements on silicon
dioxide passivated devices with capacitance of 0.07 pF
and 2.4 pF. The lower capacitance device shows little
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Figure 6. Measurements of attenuation versus temperature
show that low capacitance silicon dioxide passivated PIN diodes
exhibit nearly constant attenuation over a range of temperatures, whereas larger capacitance diodes exhibit increasing
attenuation over this same temperature range.

The results show that device passivation and geometry
play a major role in governing the resistance-temperature coefficient in PIN diodes. Large capacitance diodes, regardless oftheir passivation, tend toward negative resistance coefficients, indicating that shunt attenuators constructed with these devices will have attenuation which increases with temperature. Low capacitance silicon dioxide passivated diodes (0.1 pF and
smaller) typically exhibit resistance-temperature coefficients in the range of -0.1 % to +O. 1% per degree C,
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corresponding to very small changes of attenuation with
temperature.

It can be seen that the variation of stored charge with
temperature is a good predictor of the temperature
dependence of the PIN diode resistance, and ultimately
its performance in attcnuator applications. Thus, the
resistance-temperature characteristic of any PIN diode
may be experimentally determined by independently
measuring stored charge Q or carrier lifetime versus
temperature. The value of in determined by this method
is a good predictor of the ternperaturc sensitivity of the
attenuator circuit.
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