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We present a concept for the realization of InGaAs/InP micromachined thermoelectric sensors. The
advantages of InGaAs lattice matched to InP combine perfectly for this application. The high
selectivity of wet chemical etching of InP against InGaAs is ideally suited for surface bulk
micromachining. Thermoelectric InGaAs sensors profit from the high thermal resistivity combined
with high electrical conductivity and Seebeck effect. Thanks to the material parameters a
responsivity of 257 V/W and relative detectivity of &40 cm Hz YJW are expected for
infrared sensors. ©1996 American Institute of Physid$s0003-695(96)02646-(

Long-wave, infrared thermal radiation provides usefulsistivity p of the thermopile assuming that the thermopile and
information regarding the surface temperature of an objecsupporting bridge are one and the same.
and allows its characterization by contactless techniques. A major motivation to introduce a new material system
Silicon- and polysilicon-based technology serves the purposguch as InGaAs for the fabrication of thermoelastic sensors is
using bulk micromachinir'ﬂgz and offers CMOS IC compat- the fact that it offers extremely high thermal resistivity. The
ibility. Another approach that has recently been explored ighermal resistivity of InGaAs, AlGaAs, and polysilicon have
the use of AlGaAs/GaAs micromachined sensors that arbeen reportetf and their maximum values result from alloy-
compatible with MESFET technologyWe report here a disorder scattering. In the case 0£0.5 the thermal resis-
novel possibility for realizing high performance sensors usfiVity of In,Ga _,As is about 0.23 km/W which is about an
ing InP-based I11-V technology. This approach provides thePrder of magnitude higher compared to the binary composi-
possibility of high performance operation while combining fions InP and InAs and polysilicon, the commonly used ma-

the advantages of simple fabrication procedures due to th‘ié';_‘”al for thermoelectric sensors. Moreover, it is 2.5 times
highly selective etching properties of INP/INGaAs. higher compared to the maximum value of AlGaAs. Since

The principle of operation of thermal infrared sensors isOnly INo 5458 474S can be epitaxially grown lattice matched

based on the conversion of infrared radiation into heat. Tc'g0 InP, the maximum thermal rESI_StI\_/IW Isan advantage that
Is offered without the need of optimization.

measure this heat quantity it is necessary to monitor the tem- .- .
9 y y The Iy 548G& 4AS Seebeck coefficient value will be con-

perature increase of the radiation absorber. Hence, therrmé‘{dered next. This can be estimated on the basis of Seebeck

isolation is required for enhanced temperature differencegOeﬁcicients of GaAsand InAs® Comparing, for example
and the resulting changes with respect to the ambient can kfﬁaterials with same doping level of' about=4.5 ’
measured with the thermoelectric effect. Thermal isolation>< 1016 cm 3, the Seebeck coefficient is abotB50 wV/K

can be achieved by the fabrication of thin floating MeM-to. hoth materials. In contrast to AlGaAs, thievalley of
bran_es that carry the absorber. The supporting arms _Of_thl‘ﬁxGal_xAs is the conduction band for the entire composi-
floating membrane itself can be the thermocouples—similagiony rangex. Since the calculation of the Seebeck coefficient
to the free-standing thermopile concept realized in AIG&As. depends mainly on the effective density of states of the con-
This system is operational at room temperature and in pringction band, no large changes are expected to occur with
ciple at any other temperature. One needs, however, to €foping for the Seebeck coefficient of lGa, ;As. The
sure that the temperature of the object to be measured is well,gjuation of the Seebeck coefficient is therefore done using

above the sensor temperature so that the resulting signal c@fe formalism of Ref. 7 and the material parameters of
be detected. The absorber is ideally a blackbody providingref. 9.

the advantage of broadband response. In terms of wavelength The Seebeck coefficients were calculated for and
such a sensor can detect wavelengths only belowu® p-doped Ip sGa, ,AS, GaAs, A} Ga,-As, and compared
when its temperature is 300 fVien's law). to the literature data of polysilicdhas shown in Fig. 1. It
The material parameter and design requirements can hghanges sign for different charge carriers and is defined
derived by considering the measurement principiéie key negative for electron transport and positive for hole trans-
material parameters are the thermal resistiVityof the sup-  port. This feature can be used to combiméng s4Ga, 4,7AS
porting bridges, the Seebeck coeffici@)tand electrical re- andp-Ing54Ga, 47AS to integratedp/n thermocouples where
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Resistivity / [Qm] eration of the sensor. As Fig. 2 showsvaries with the

doping level and with the charge carrier type. The power
; i -6
FIG. 1. Calculated Seebeck coefficientsefandp-doped IR 54Ga 4AS in conversion shows maxmum values of 1600 7 /K I%r
comparison to GaAs, ALGa, As (see Ref. % and polysilicon(see Ref. ~ E€l€ctron transport at doping levels arount 20" cm3,
10). p-doped InGaAs is also shown to have reasonable power

conversion factors for high doping level. By way of compari-

the sign of the Seebeck coefficients leads to increased sen%%?( f:)? Gyzl?fscfor polysmi:on #sed meM(_)S IC is a(;)out
signal. The Seebeck effect increases with increasing resistiv- INGaA f' honseqluent_y,dt € combination _qn‘- fan high
ity due to decreasing carrier concentration. The calculation8” ? s for L ermo? ectric devices s interesting for hig
indicate no large differences between the different material@érformance t ermoe ectric sensors.
though the values for kxGa.As are always slightly The technological advantages of the InGaAs/InP mate-
higher compared to GaA:h—AI AGao As, and polysilicon rial system arise from the fact that both materials can be
Only the Seebeck coefficientO‘;—Aizsé% As is signifi-. etched selectively against each other. This simplifies the
cantly higher than any of these materials. This was explaineBEChnpl_Ogy for the sensor fabrication, as well as the micro-
by Hava and Hunsbergeby the fact that its composition is mgchlnlng procedure necessary for floating membrane defi-
close to the crossover point from direct to indirect band-gapp't'on_' . :
material. Figure 3 shows a possible cross section of the technol-
The performance of thermoelectric sensors is dependefﬁgfy alt()jngba bg@ge t);p;e/n t;er?oc_:oupl_e thaft iup[?]orts an
on the internal resistance of the thermocouple since Johnsdf'rared absorbing ar at the hot junction of t .et ermo-
noise ((4&sTR.Af)Y2 with kg the Boltzmann constant, couple. The epitaxial Iayer.s can be_grown with standard
the temperatureR, the electrical resistance of the thermo- I\QOCVD Brl%qisdur(iss: the éw;st Iahyer IS a—I?GhaAsh layer
pile, andAf the bandwidth determines the noise equivalent ( pm, n= cm .) used for then part of the t. ermo-
power [ NEP= (4kgTR,Af)Y2/R, with R being the respon- couple; Iayer 2 c9n5|st§ of undoped If®R1 um) that is used
sivity]. Hence, low electrical resistivity is required but this 6;15_ 3? electrlcal_ msula'?ogakftv;een Iay_e;ollgand _'i‘yelf] 3; the
implies reduced Seebeck coefficient. Since InGaAs offergird layer consists op-In S(1 um, p= cm .)t at
high mobility'* this tradeoff is relaxed compared to low mo- is used for the part of the thermocouple. Successive selec-
bility materials tive etching can be applied to form the thermocouple mesas.
The power conversion factat=S*W/p is the figure of Due to the high doping level and low band gap of the mate-
merit to compare different thermoelectric materials. A maxi-rIaI the Ohmic contactsGn) for n-In_GaAs and Qp) for
mum power conversion factor is favorable for optimum Op_p—InGaAs have very low contact resistance. To increase the
output signal several thermocouples can be connected into
series. After surface passivatioR) with SiO, an intercon-

160 ' - T ] nect metallization i) is deposited. The hot junction of the
g 1401 » ././‘ N 1 thermocouple is deposited with a Gold—Black layer exhibit-
= e N ing high absorption coefficient near 1 and flat response to
< 29 re \ 1 wavelength. In a final step the InP underneath the thermo-
£ 1004 /,/‘ \ ] couples has to be removed for thermal isolation purpose.
% 80+ /./‘ —e— Electrons \ . When InP is etched HCI4PO,=1:1 can be used which
S el —a— Holes . offers high etching rate and extremely high selectivity with
g 401 /‘/‘K. ] respect to InGaAs. Therefore, the fabrication of free-standing
S ] *H,»* 1 cantilevers, bridges, and floating membranes can be per-
o) P formed from the front side of the wafer.
E 0~ : : : ] The thermocouple works as follows: The absorbed heat
220 225 23.0 235 24.0 is dissipated along the two thermocouple legs to the heat sink
LOG {Carrier Concentration / [m~]} represented by the substrate. A temperature difference is the

result. Underneath the absorbing layethe Ohmic contacts

FIG. 2. Power conversion factor ofdg.Ga ,-As depending on electron and  Of N -andp part- Qf the thermOQOUDle make eleCtri(?al contact.
hole concentration. Hence, a positive and negative thermovoltage is generated
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between absorbek and the Ohmic contaciSp andCn on  plication in remote temperature control, the same technology
the heat sink, respectively. can be applied to integrated sensor arrays serving as infrared

Based on heat conduction estimates along the thermamage sensors. Integration with InP integrated electronics
couple material and heat losses via radiation we have nexuch as HEMT and HBT or optoelectronic components such
calculated the responsivitR(R=a(S,—S,)Ry, with @  as diode lasergbeam contrgl may also be envisaged and
the absorption coefficienS,, the Seebeck coefficients of opens up new fields of application.
p- andn-InGaAs, andRy, the thermal resistance of the ther- The authors thankfully acknowledge the financial sup-
mocouplé and relative detectivityD* (D* =AYYNEP, with  port of this work by the “Deutsche Forschungsgemein-
A the absorber areafor the following sensor geometry: schaft” (SFB241, by Alexander von Humbolt Fellowship
width of bridge 20um, length ofn part 300um, length of and URI/ARO(Contract No. DAAL03-92-G-0109
p part 700um, and total absorbing area Af=0.42 mnf. If
this sensor is operated in vacuum, no thermal leakage against
atm_OSphere is possible and m_a)_“mum performance '_SlJ. Schieferdecker, R. Quad, E. Holzémigfer, and M. Schulze, Sens.
achieved. The expected responsivity of such a sensor iSactuators A46-47, 422 (1995.
257 VI/W and its relative detectivity is 6:10° 2R. Leggenhager, H. Baltes, and T. Ebel, Sens. Actuato®7/88 216
cm Hz Y2W. These values are very promising since they ,(1993. _

. . A. Dehe K. Fricke, and H. L. Hartnagel, Sens. Actuators48-47, 432

compare with the best reported values for free-standing Al- (1995.
GaAs thermocouple infrared sensbrshile much simpler  “A. Deheand H. L. Hartnagel, IEEE Trans. Electron Devid81996 (to
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