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ABSTRACT

Photovoltaic detectors are widely used in radiomgbhotometry, spectroscopy, radiation thermomesty,
from the UV to the IR wavelength range. As the wength to be measured increases from the UV to IR,
different semiconductors are to be used, and witheasing wavelength the band-gap and the shustaese

of the p-n junction decreases. Typical values ainrotemperature are: GaP bandgap=2,25 eV shunt
resistance=18 Q peak responsivity=0,44m, Si bandgap=1,11 eV shunt resistancé41®’ Q peak
responsivity=0,85um, InGaAs bandgap=0,75 eV shunt resistance =100Q peak responsivity=1,fm, Ge
bandgap=0,66 eV shunt resistance = 10-10D pkak responsivity=1,m, InAs bandgap = 0,36 eV shunt
resistance = 10-10Q peak responsivity=3,am.

To achieve the highest linearity photovoltaic daiecare used in the zero bias mode, i.e. thega@maected to
a current-to-voltage (I/V) converter. Ideally, tilput impedance of the I/V converter is negligibtempared to
the shunt impedance of the detector, consequendywhole photogenerated current flows on the feddba
impedance and will produce the output voltage, otfse a part of it flows on the shunt impedancecufrent
on the shunt impedance causes a deviation fronzehe bias mode, it changes the electric field ia phn
junction i.e. affecting recombination rate and edlion factor of the generated electron-hole pdirsmost
cases, upto the InGaAs detector the input impedafidhe I/V converter at low frequencies is nedilgi
compared to that of the detector. The situatior whie low band-gap InAs detector is perfectly déf, the
impedances even can be in the same order of magnitince low level detection requires high feetbac
resistance, at sufficiently high feedback impedavadee the output signal shall deviate from thealdmse, in
the worst case the whole photogenerated currentfloanon the shunt impedance generating close to ze
output voltage. Further, the shunt impedance ctang temperature and the input impedance withctienge
of range, the latter one is linearly proportiormathe value of the feedback resistor, consequémglyatio of the
input impedance to shunt impedance changes affetttanlinearity.

The linearity of Si, InGaAs and Ge detectors cotewdo an I/V converter are thoroughly discussedhin
literature, contrary to InAs detector. In an earli@rk' it has been shown that applying a bootstrap ditoua
Ge detector - depending on the frequency of theatip& - will virtually increase by 3-6 decades teunt
impedance of the detector compared to the detetboe. In the present work a similar circuitry vegeplied to

a room temperature InAs detector. It will be showow the bootstrap circuit channels the photogeedra
current to the feedback impedance decreasing wétlyndecades the detectable low level limit of teeedtor —
I/V converter unit. The linearity improvement rasuwill be shown as a function of the chopping treacy,
calculated and measured values will be comparedntlise sources will be analyzed and noise measuttem
results will be presented.
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INTRODUCTION
For high accuracy radiometric measurements a daetéstrequired that together with the attached uiirc

provides a linear response signal over the whotbBati@e power range to be measured. Recently, room
temperature or near room temperature InAs deteatersvidely used in laser warning receivers, precestrol
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monitors, temperature sensors, pulsed laser menitofrared spectroscopy, étclf calibration takes place,
detectors are calibrated against cryogenic radiersett a signal level of a couple of 0@, but for low level
radiation measurements they are used sometimesighal level of 6-8 decades lower. In some aptibos
like in high accuracy spectrophotometry where #@igorof two measurement results provide informationa
physical property as of transmittance, reflectaocebsorbance, the two signals can be many decgues.
Temperature measurement should provide a linede sser a large range. Many of the applicationsdse
huge demand on the linearity of the measuremertesysin our investigations all the measurements and
calculations were carried out for a room tempertoAs p-n photodiode, but our results can be aseohy low
shunt resistance photodiode. In this paper theatibe of low shunt resistance photovoltaic detext{®PV)
together with the attached electronic circuit Wl discussed, the main emphasis will be givenddrteraction
of the detector and the attached circuit.

A photovoltaic detector is a p-n or p-i-n junctioiith a depletion region having a high electricdieThis field
serves for the separation of the by the incidediation generated electron-hole paifBairs can be generated
either in the depletion region or in a region wharearrier can diffuse to the depletion region wsthme
probability. Photovoltaic detectors are usuallyaeltied to current — to — voltage (I/V) convertert thlaould
provide a stable condition (zero bias) for the cietieat any range. The zero bias ensures thateh#rie field in
the depletion region will remain constant indepeniyefrom the amount of the photogenerated current,
consequently the probability of the collection wilk the same at any circumstances. The I/V convartéer
proper conditions provides a virtual ground for thetector, the inherent electric field is not eféecby the
detection electronics. Unfortunately, the zero ligalsept only until the feedback impedance is natimlarger,
then that of the photodiode. For detectors of high@ndgap and shunt resistance (GaP, Si, InGaAs) th
condition is met at low frequencies. The situatigith low or lower bandgap detectors (Ge, InAs, Ing&b
totally different. It means that, when the photal#iois irradiated a bias appears on the photodidde,
superimposes on the electric field of the depletiygion influencing the separation - collectionia@éncy and
by that a change in the dark current appears.sitlegn shown, that the dark current originates frgection -
diffusion and generation - recombination throughfaste shunt, bulk leakage and tunneling at theaserthat
depends on the passivation of the surface in as o/ junction, as well as from background radmatithe
dark current and the shunt resistance of the InAstquiode strongly depends on the temperature.
Consequently, any small change in the internal thapee of the detector due to temperature chande @tio

to the measuring circuit will affect the measur@phal. Leakage and tunneling can be decreased ddingahe
detector, but the background radiation remains.rkabile equipment the cooling is also non practiEakn if
high bandgap detectors are used at very high sstysineasurements, that is very high feedbackstasce is
applied compared to the internal resistance ofl#tector, this degenerating phenomenon will be eepeed.

CURRENT - TO — VOLTAGE (I/V) CONVERTER

A current — to — voltage (I/V) converter is showm &ig. 1. Ph is the Z,
photodiode, OPis the operational amplifieZ; is the feedback impedance apnd | —

Uout is the output voltage of the I/V converter whatedlly Uq, =1 ,* Z; andl,, is > U
the photogenerated current. Phy/ L —oout

The I/V converter theoretically ensures stable telead conditions for the 11
photodiode independently from the incident radatpower. In the depletioNFig "1 Current — to — voltage
region collected carriers are swept out by thetbiuil electric field to thel sgnverter.
feedback resistor. Because the I/V converter updaper conditions provides a
virtual ground for the detector the inherent eledield is not effected by the detection electomi

Fig. 2. shows a simplified equivalent circuit ofetlyV converter

together with the photodiodeZy is a nonlinear impedande L \
representing the diode, the so called shunt impssl@yis the serieg /Té 7 Z 7 ! U,
p Zout

resistant andz, is the input impedance of the I/V converter. FoP in A
high shunt resistance detectors (GaP, Si), wher> Z;, Zs can be ‘ T !
neglected, but for InAs detectors they are in thmes magnitude—; : P

The shunt resistance of a photovoltaic detectodefined at DC Fig. 2. Equivalent circuit of 1V
signals and zero bias and it is the first derivati¥ the dark curren
with respect to the applied voltage between thegaf the detector. The shunt impedance can baeetkfi
similarly but with AC signals; consequently, it la$requency dependency. The shunt impedancearsesif
the photodetector has a strong temperature depepdsrshown ift °. The output voltage is transformed to the
input impedance of the I/V converter. The transfation factor isA,, in the ideal case the open loop gain of the

converter.




operational amplifierzi,=Z; /(A+1). If Z;, << Z, then the photogenerated current flows throdglotherwise a
part of it appears ody and will not produce output voltage. This equiwdleircuit is strictly true only for the
ideal case, for non-ideal one it does not desdhikephysical phenomenon, but as it will be segavides a
satisfactory model for the comprehension of thalfiresult. If g + Z,) << Zy then the output voltage
corresponds to the whole photogenerated curretitelA; or Z;, will increase so far that the previous inequality
will not hold, it will degenerate the electric fieln the depletion region. On the other hand, asftbquency
increaseg\; decreases i.e. both the zero bias of the photedind the constant electric field of the p-n jumti
degenerate.

Fig. 3. shows a typical curve of open-loop ga\p) ©f an operational amplifier as a function of fueqcy. It can
be seen that at DC its value is 120dB and fromupleoof Hz on it decreases with 20dB/decade. Thpuiu
voltage of the I/V converter is influenced by tbsed loop gainH), too. H=A;* 5 where S is the feedback
factor i.e. f=(Z4+29)/(Z4+Zs+Z5). The higher the closed loop gain is the lessamplitude error A,) of the

output of the I/V converter is and vice versband 15 were marked on Fig. 3. From Fig. 3. can be sed/&s

increases, i.e. for examplg; increase
compared taZy thenH decreases ande, OPEN LOOP GAIN OF AN OPERATIONAL AMPLIFIER
increases. Ay =1/(1+H). Consequently

A}:rr = (zd+zs+zfr)]/[(A1+1r)]*(zd+zh%dr " zfll.d 1o

This equation shows, that eith&y shou m 120

be larger thanzg+Z;, or if Zy < (Z+Z), | = 100 Wk\\“\

(A;+1)*Zy should be much higher than 3 o0 .

(A;+1)*Zs+ Z;. Unfortunately,A; decreases o H \\

with increasing frequency even in the Igw G

frequency range. Since IR photodetectars}I 40 S~
generally measure chopped radiation to%J 20 up \‘\
exclude the effect of the background

radiation and that of the dark current this 0 ‘ ‘ ‘ ‘ ‘ ‘
worsens the situation Compared to C 1,E-01 1,E+00 1,E+01 1,E+02 1,E+03 1,E+04 1,E+05 1,E+06
detection. If the temperature of a npn FREQUENCY [Hz]

temperature stabilized photodiode chan
then Zy; and with it A, changes. For
example the temperature coefficientZafis in the 10%/K range for a Ge detector

g. 3. Open loop gain of an operational amplifier.

BOOTSTRAPPING OF THE PHOTOVOLTAIC DETECTOR

To keep the closed loop gain at a high value anhiit its change
can be achieved only if the impedance of the phottalis virtually
increased, it means the voltage on the photodisdept constant,
preferably at a low level, i.e. the photodiode @otstrapped. Fig 4.
shows the schematic of the circuit. This schematicuit was
originally devised by Campasfréor high frequency applications to
shunt the capacitance of the diode;@Rhe I/V converter and QP
is a voltage follower. The voltage follower ensutes almost zero
bias condition, on the photodiode appears onlydifferential input
voltage of OR independently from the state of QFhis solution
virtually increases the impedance of the photodibglea factor ofA,, the open loop gain of the follower
producing a high closed loop gain for the 1/V coiee Fig. 5. shows the equivalent circuit of thmotstrapped
photodiode connected to an I/V converter. It wasiagd that the offset voltage of the bootstrap diepivas
set to zero. Even if it is not zeroed, only a cansbffset voltage ‘ —
will appear on the photodiode, i.e. the electrieldiin the p-n Té 7 lU
Zd out

Fig. 4. Bootstrap circuit for
photodiode. T

junction remains constant independently from thetpturrent| /
and the value of the feedback impedance. As fraeretfuivalent ‘ U " A,
circuit could be seen, the equations given in tlevipus section . out T
should be modified, in all of the#@y andZs should be replaced by Af"A2

Ay*Zy andAy* Z, respectively. The formula for the amplitude erfor

then becomesAer = [A*(ZHZ)+Z(At1)*AX(Ze+Z) + Zi]. [Fig. 5. Equivalent circuit of a bootstrapged
Using a similar reasonind,* Z4 should be larger thafy*Zs+Z; or | photodiode connected to an I/V converter.
if As*Zy < (Ax*ZstZ;) then Ay*(A+1)*Zy should be much higher
thanAy*(A+1)* Z+Z;. to get a low amplitude error. The deviation didwsd in the previous section for the 1/V
converter appears only at a much higher feedbagledance value, allowing, depending on the chopping




frequency 3 — 5 decade higher linear sensitivity. Hve this system operated properly the slew ohtde
voltage follower should be higher then that of ifveconverter. Contrary to the I/V converter circhere no#,
but theA;* A, product should decrease to degenerate the zes@dbimalition.

RESULTS

To test the performance of this circuit a 2 mm diganroom temperature InAs detector was used. déabiack
resistor was varied from 10Qkto 1 & without any capacitance but the stray one andfréguency was
varied from 10 Hz to 400 Hz. The configuration @& tcircuitry could be changed from 1I/V converter to
bootstrapped photodiode — I/V converter by the lo¢la three circuit single switch. To get a stalaldiation we
used a tungsten halogen lamp with a monochromideiset wavelength was 2560 nm. All of the measargs
were carried out at this wavelength, except thg h@gh sensitivity ones, where to avoid the ovedlazhigher
wavelength was used. This was taken
into account by a correction factor
similarly to the range changes. TH
radiation was chopped by
mechanical chopper that in ideal cal

MEASURED VALUES BY LOCK-IN AMPLIFIER USING I/V
CONVERTER AND BOOTSTRAPPED PHOTODIODE - I/V
CONVERTER CIRCUITRY

wmm

ew 100,00 E—
resulted in a time dependent <3( \\{‘N TG
irradiation on the detector and é 1000 4+~ = IV-100M
therefore in a trapezoidal & \'\_\_\- ~+IV-10M
photogenerated signal. Fig. 6. shows % RV
the results in logarithmic scale. |t 3 | ~BS-1G
could be seen, that for the simple IV E ’ 'Ezig&“"
circuitry only the 100R feedback| g -
resistor provides an acceptable * 0.10 ‘
linearity throughout the whole 10 100 1000
frequency range, even the WM FREQUEBCY [Hz]

feedback causes an 11% decrease .
from 10 Hz to 400Hz. We usuall Fig. 6. Frequency dependent measured values ofdnee optica

measure at 121 Hz, to be as far al;ée\diation using I/V converter and bootsrapped ptiote — 1/V

possible from the harmonics of the ggronverter circuitry.

Hz power, it means that one can use even th@ Idédback at this frequency with about a 1,3% de@eOn
the other hand the bootstrap circuitry providesdinmeasurements upto the 10Q Needback, it arrives to the
1% decrease with the 1(Gfeedback only at 25 Hz. For the clarity of theufig the curves of the 1®@and 100

kQ feedbacks for the bootstrap variation were omijttbdy just give a horizontal straight line ovee ttD MQ
one.

Fig 7. and Fig. 8. show the signal responses oftridnditional I/VV converter and the bootstrappediataon,
respectively, taken at 30 Hz. The conditions urttlercurves of Fig. 7. and 8. were taken are theesdine
curves were normalized and shifted to make thealization easier. Note that from Fig. 6. it is kmgwhat the
amplitude of these curves can be decades aparB.Fignfirmes that the bootstrap curve shows a sl
operation of the circuit as an I/V converter, thelgative improvement is evident. On the lowestsvity I/V
converter curve and on all bootstrap curves hidfeguency noise components are superimposed, sgaiwn
better frequency response of these cases. Es$grttizd does not affect the measured values, dimedock-in
amplifier measures only the amplitude of the bas@lenics. For a triangular function the amplitudi¢he base
harmonics is even lower, than for a trapezoidatfiom of the same amplitude, making the trapezdigattion
more favorable.



SIGNAL RESPONSE OF I/V CONVERTER SIGNAL RESPONSE OF BOOTSTRAPPED PHOTODIODE - IV
CONVERTER
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Fig. 7. Signal response of traditional I/V circuitith | Fig. 8. Signal response of bootstrapped photodiodi&/
different feedback resistances measured at 30 Hz. circuit with different feedback resistances meaduze 30

Hz.

Note from Fig. 6. that the absolute value of thektude for
the 1/V converter curves are more than a decade.apa

Fig. 9. shows the change of the time response af®0feedback resistor for the simple I/V converteraas
function of the frequency. It can be seen, thamfttOHz to 400 Hz how the shape of the curves clafrgen
trapezoidal function to triangular function andtla¢ same time the amplitude decreases to aboub¥its
initial value. Since the frequency of good qualityechanical choppers changes a couple of perceirtgdar
long measurement series, this results also in agehaf the measured signal.

TIME RESPONSE OF I/V CONVERTER AT DIFFERENT FREQUENCIES USING 10 MOHM FEEDBACK
RESISTOR
0,4
-
<
3 p — 10Hz
) b o —=— 20Hz
a % 30Hz
(2] L F R 50Hz
o
2 —— 80Hz
> — —%
x £ —»— 100Hz
z 57 —— 150Hz
g " — 200Hz
g ol 300Hz
w 400Hz
@
300 400 500 600
TIME [ARB: UNIT]

Fig. 9. Time response of I/V converter at differejuencies using 10 Rlfeedback resistance.

From the amplitude erroke,, formulae the signal amplitude can be calculatedA(}) and compared with the
measured signals. Figs. 10. and 11. show thesé#sésuthe simple I/V converter in logarithmic attte ratio
of the measured to calculated signal in linear escatspectively. The deviation of the calculategnal
amplitude from the measured values results fronmfrgnguency dependent nonlinearity of the open-igajm,
that also depends on the attached impedances, thendiode nonlinearity, the stray capacitancesd lea
inductances and measurement errors. It can be $edrkig. 10. provides very similar curves to gst of the
open loop gain of an operational amplifier shownFig. 3. Since at low frequencies the feedbackofaist
constant, as the frequency increases the closgddam decreases and the amplitude error, the til@vikom
the ideal horizontal line, increases. For the dat@ns an ideal open-loop-gain was assumed. Then op
parameters used for a best fit solution were thmtskesistance of the photodiode, stray capaciteang 3dB
point of the open-loop-gain. It resulted in a shigsistance about 1D, that is a usual value for an InAs room
temperature photodiode and the deviation betweemiiasured and calculated values were less the¥. 420
the legends m indicates the measured and c thelatdd values. Similar calculations were carrietifou the
bootstrapping variation, the error upto the 10Q féedback resistor for all chopping frequencies lgas than

1 %, for the 1 @ feedback it slightly exceeded the 10 %.




MEASURED AND CALCULATED SIGNAL RATIO OF MEASURED TO CALCULATED
VAT SIGNAL
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Fig. 10. Measured and calculated signal amplituibesthe InAs| Fig. 11. Ratio of the measured to calcula
photodiode connected to an I/V converter as a fanaf frequency. | signal as a function of frequency.
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NOISE ANALYSES

Fig. 12. shows the noise equivalent circuit of boetstrap variation. For simplicity only impedanees shown
all of their real resistance components, if uséellare referred to by the same index. The traificurrent-to-
voltage converter has noise sources from the detettte amplifier and the feedback resistdi, and U,,

represent the amplifier input voltage noisg, and I,, the input current noisdg, involves all the noises

originating from the detector.

By applying the bootstrap the output noise origimat
from the feedback resistor, input noise currenthef I/V

converter and detector are not affected. The ngaa

decreases for the input voltage noise of, ®Bcause the
source impedance increased but the input voltagse raf

OPR, is amplified with a gain ofZ/(Z4+Z;). The input
current noise of OPappears directly od;. Summing up
the spectral noise components at the output:

for current-to-voltage converter:

Fig. 12. Noise equivalent circuit of the
bootstrapped photodiode — I/V converter circulit.

2

U, = (|dn[zf)2+(|ln[zf)2+{(1+ﬁJme +4KTR, 1)
for current-to-voltage converter with bootstrappétodiode:

z i z ?
U, =1,z F+(, ) +H1+ o ZS;(AZ +1)]uuln} +4KTR, +(1,, (Z, ] +(Zd—+stU2n]

2)

If equations 1 and 2 are compared, it can be s$edrbbotstrapping does not result in significantéase of the
noise. This has been verified experimentally by sneag the spectral noise at 121 Hz with an SR888€-In
amplifier. Table 1. shows the results for the 1@Ddnd 1 M2 feedback resistors. At higher feedback resistor
values the noise gain for the I/V converter is adie impaired by the non-ideal operation, consedyemt

comparison has no sense.

Feedback resistor I/V converter

Bootstrapped photodiode I/V convertercircuit

100 KQ 45,670V /VHz 57,08uV /VHz
1MQ 34,620V /VHz 35,22uV /vHz




CONCLUSIONS

Using an I/V converter with a photodetector, thiéoraf the photodetector impedance to the quotanthe

feedback impedance and the open loop gain of th#ifeen; i.e. the input impedance of the I/V contest can
have a dominant role in the accuracy of the measemé of photogenerated current. If the input impegais
not negligible, then high measurement errors mayiod his unfavourable situation results in a Idesed loop
gain. If during a measurement cycle any of the idamees change this results in a change of the losed
loop gain that causes amplitude error. Either tbeator has a low internal impedance or a high dapee
detector is applied in high sensitivity measuremehat requires high feedback impedance, thistsituanay
occur. The impedance of the detector can be ineccagtually by a factor of the open loop gain bkt
operational amplifier by using the bootstrappincht@que, consequently, this error will appear catlya much
higher sensitivity range i.e. at much higher feettbampedance. It restores the range-to-range tatids

designed value for some further decades of thetaétysrange. The ultimate limit is the low-pasftdr formed

by the high value feedback resistance together thighinevitable stray capacitance. The signal — twise
characteristic of the bootstrapped variation essntid not change compared to the traditiondlison.
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