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The work described here is an investigation of thermoelectric phenomena in bipolar semiconducpsrs and
junctions. In contrast to majority-carrier semiconductors in which a constant material-dependent Peltier coef-
ficient is defined for a given temperature, bipolar devices can be modeled by introducing a bias-dependent
Peltier coefficient at interfaces that takes into account the variation of the carriers’ average transport energy. It
is shown that this effective Peltier coefficient can vary by orders of magnitude as a function of applied bias,
and can give rise to interfacial thermoelectric cooling or heating depending on device parameters. The bias-
dependent bipolar Peltier coefficient is modeled analytically for short-length and long-length diodes, and the
different regimes of bias for which cooling is achieved are described, as well as the effects of recombination,
length, and doping. Analytical expressions to optimize the thermoelectric effect inside an idealized diode
cooler are presented with numerical results for several common semiconductors, a figure of merit for internal
diode cooling is introduced, and extensions of the model are given for applications such as the internal cooling
of a semiconductor laser diode.

DOI: 10.1103/PhysRevB.66.125316 PACS nunider73.40.Kp, 72.20.Pa, 42.55.Px, 85.3@.

[. INTRODUCTION transistors*% and photovoltaic devices in reverse bias/low
current conditions? Previous thermoelectric analysis of bi-
Optical refrigeration has been proposed as a coolingsed diode structures has addressed junction Peltier effects
mechanism in light-emitting semiconductor devi¢e$.In related to minority carrier injection but has not related these
this process, heat energy is transported out of the deviceffects to a temperature profile or derived a figure of ”'}éf_it-
through the radiative recombination of thermally excited car-A description of the operating point dependence of the bipo-
riers whose energies are greater than the electrical bias el thermoelectric coefficients under forward bias is useful
ergy. While this phenomenon is relevant to optical devices iffor €xamining the regimes for which device cooling is opti-
general, cooling has only been measured to date in opticalljtized, especially for devices such as lasers that operate ex-
pumped devices, for which Joule heating is negligible. Thelusively in forwar_d bias. The_ analytic expressions derived
dominant heating processes in this case are nonradiative ré&n be used to tailor the design of devices from a thermo-
combination and photon absorption; a high external effielectric perspective. While net coolirigptical refrigeration
ciency is thus required in order to demonstrate overall optica®@y not be easily achieved in electrically pumped light-
cooling? emitting devices, the distribution of heating and cooling
Electrical refrigeration has been demonstrated in semiconSOUrces can be rearranged to reduce the temperature at cer-
ductor devices through both thermoelectric effeetsd ther- ~ t@in regions of the device. _
mionic emissior?:” Thermoelectric effects such as Peltier ~Here we derive the relevant parameters through analytic
cooling occur when carriers move between regions in whicHneans for ideal short-base and long-base homojungtian
their near-equilibrium energy distribution changes, whilediodes; in comparison with conventional Peltier coolers, we
thermionic emission is a nonequilibrium effect analogous tdhen optimize cooling with respect to region width, current
evaporative cooling through which hot electrons are selecdensity, and doping for several semiconductor materials.
tively emitted across a heterointerface.
Although many light-emitting devices are electrically Il. PELTIER HEAT EXCHANGE
pumped, internal thermoelectric effects have generally been . .
neglected as a mechanism for cooling. These effects have The Peltier effect describes heat exchange that takes place
been shown to be of comparable magnitude to heatingt the junction of two dn‘ferent.materlals when electrical cur-
sources in certain homojunction and heterojunction lightfent flows between them. It is caused by the fact that the
emitting diodes and diode laséf8and they are relevant to average energy that electrons transport can vary from mate-
bipolar devices in general. rial to material; when crossing between two such regions,
The nature of bipolar devices leads to a thermoelectri¢harged carriers compensate for this energy difference by
description that is significantly more complicated than the€xchanging heat energy with the surrounding lattice. A ma-
traditional bulk model used for conventional Peltier coolers terial’s Peltier coefficientl is related® to the average energy
Previous work has applied descriptions of thermopower ifWith respect to the Fermi energgransported by its electri-
bulk regions where electrons and holes are not incal carriers throughE, =q|II|; the amount of heat ex-
equilibriumt®!! to the modeling of heterojunction bipolar changed for a given curremtacross a junction is equal to
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FIG. 1. Variation of the Peltier coefficient with Fermi energy. 2 Varaton of the siecton Pelier cosfiientinGane

] o ] o ] The solid line is calculated using Fermi-Dirac statistigs). (1)];
AIT*1. The Peltier coefficient is negative if transport is by the dotted line is the linear fit of E43a).

electrons and positive if transport is by holes. For a semicon-

ductor with carriers characterized by a Fermi-Dirac diStribU'For 111-V semiconductors such as GaAS, the dominant scat-

tion feq with Fermi energyEg, the Peltier coefficient is tering mechanism is through optical phonons; for tempera-

given (using the relaxation-time approximation under the astyres less than the Debye temperatui®, 344 K for

sumption of a small bias-dependent perturbatiodiggf by ~ GaAg, ro=r,=r=1%. In some texts on thermolectrics, the
scattering parameter is defined in terms of mean free time

of )
f o(E)(Eg—E)| — —|dE 7(E)=1o(E—E¢)" . Since electron velocity is proportional
1 (9E r_ 1
== , (1 o VE, re=re—3.
q J’ ()| - Ifeq dE The dependence of the Peltier term on doping is further
7 JE illustrated in Fig. 2, which explicitly shows the electron

Peltier term inn-GaAs. ForEg.<E: (i.e., the Boltzmann
limit), the Peltier term is equal t&Eg.— Ec)/g minus a small
offset due to the variation of the average transport energy

where the “differential” conductivityo(E) gives the contri-
bution of a carrier at enerdy to the overall conductivity/ '8

within the band as described by E@). As the doping in-
a(E)qur(E)J Jv>2<(E,ky,kz)dkydkZ creases beyond the level approximated by the Boltzmann
limit Eg.—Ec increases rapidly, but the Peltier coefficient
qur(E);f(E)F(E) 2) decreases in magnitude rapidly; the net effect is that the

Peltier coefficient increases approximately linearly with the
in terms of the relaxation time(E), average carrier velocity |ogarithm of the doping. Defining the Peltier coefficient in
v«(E), and average carrier densitfE). From Eq.(1) itis  terms of doping, then, is exact in the Boltzmann limit and
apparent thatlIl| increases as the carrier distribution be-also a good approximation in the Fermi-Dirac limit
comes more asymmetric with respect to the Fermi energy,

sincedf ¢4/ JE is sharply peaked nedir. The Peltier coef- I~e kB_T( In&+ §> 54
ficient thus has an inverse relationship with doping, as shown € q Np 2/’

in Fig. 1, since decreasing doping moves the Fermi energy

further into the band gap while the carriers are constrained to keT[ Ny 5

stay in the band. The slight dependence of the Peltier coef- Iy~ T( |nN—A+§> (5b)

ficient on temperature will be neglected here.

For a nondegenerate semiconductor, the Boltzmann ager electrons and holes, respectively, whétg andN, are
proximation tof . is valid, andIl can be approximated Hs the donor and acceptor concentrations bid, is the effec-
tive density of states given by

~—_ — r ,
©a | keT ¢ Me nkeT |
Nev=2| - ©)
keT [ Er—Ey wh
W +(2+rh) s (3b)

a kT In the case of a layer of semiconductor material between
wherer, is the scattering parameter for electrons defined ifWo metal contacts, current flow causes heat to be extracted
terms of the mean free path by at one metal/semiconductor junction and deposited at the

other junction, as shown in Figs(a83 and 3c). In this case,
le=0e7e=lg(E—Ec)'e. (4) current is carried by majority carriers that are either electrons
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FIG. 3. lllustration and band structure ¢d),(c) conventional
Peltier cooler andb),(d) p-n junction diode. Note that the direction
of current to achieve the same cooling profile is different in the two
cases.

FIG. 4. Homojunction diode ifa) short-length approximation
and (b) long-length approximation.

Fig. 3(b), in which thep-type andn-type regions are directly
connected.

. - : In the case of an unbiased diode, a large built-in electric
or holes depending on whether the semiconductor is d0pe|eld exists at thep-n interface; the drift current caused by

with donors f-type doping or acceptors §-type doping, g e
respectively. Since electrons and holes have opposite charglg,IS f'ef bg:an(cj:_ezthg ?lffusmg g_urregt (t)#t of 'cthetQCl)pt;ad re-
carriers inn-type andp-type regions flow in opposite direc- gions. AS he diode 1S forward biased, the potential barrier

tions for a given direction of current flux, and heat will be seen by carriers at th? interface is decreasgd, and a net cur-
' ent develops according to the standard diode equatfons.

extracted/deposited at the same junctions. If a series of aIteEarriers diffuse against the built-in potential by taking en-
ing n- - I h oth ; : . .
nating n-type andp-type layers are connected to each other rgy from the lattice; this can be seen as bipolar Peltier cool-

by metal contacts, the heat exchange at the junctions wiff . . .

also alternate between cooling and heating. By fabricating 9 that depends O%tg‘e applied p|a§ throug.h the variation of

structure such that the cooling and heating junctions are o € m_ternal potentia. A.S th? minority carrier concentra-

opposite sides of a flat array, an overall heat flux can b lons increase exponenpally m'the regions on either side of

achieved from one side of the array to the other. This metho e junction, the effective Pel_tler _coefﬂments for electrons
and holes decrease as shown in Fig. 1, and the heat exchange

of connecting an array afi-type andp-type materials with : T :
metal junctions such that they are electrically in series an§t the junction is calculated separately for each kind of car-

thermally in parallel is the traditional scheme for commercial”®"
Peltier coolers. The thermal conductivity of the semiconduc-
tor regions is balanced with their electrical resistiJigjown
in Fig. 3(c) as Joule heatinign order to maximize the value  To develop a thermoelectric model of tpen diode, we
of Thot— Teoid- The operation of a traditional Peltier cooler is first examine the idealized structure shown in Figg)4Un-
intrinsically unipolar since the electrical current that contrib-der the short-length approximation, all of the injected minor-
utes to the thermoelectric effect is carried only by majorityity carriers are assumed to recombine at the Ohmic contacts
carriers. The average energy transported by carriers is comat the boundaries. The injected carrier concentration gradient
stant through each semiconductor region and does not vaig assumed to vary linearly between the edge of the depletion
with applied voltage bias. region and the ohmic contact, and the Peltier coefficient for
injected electrons in the-type region between the contact
and the edge of the depletion regior W,<x<—x,) is
given by applying Eq(5a with a spatially varying concen-

It is apparent from the position of the Fermi level in Fig. tration
3(c) that the Peltier coefficients of minority carriers in the
semiconductor regions are much larger than the respective T, (x)= kB_T(In
majority coefficients; however, the current in this structure is p.e q
composed exclusively of majority carriers. In order to intro-
duce minority carriers and examine the resulting thermoelec- Vi IkgT
tric heat exchange model, we move to the diode structure of XLOCH W)@ 87— (X xp) ]

A. Short-length approximation

lll. p-n DIODE THERMOELECTRIC HEAT EXCHANGE

npo
Ne(Wo—x,)

5
_5}' (7)
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whereV; is the junction voltage drop ang,,= n?/N, is the  Since we are using the linear approximation as shown in Fig.
equilibrium electron concentration in thetype region in 2, we apply Eq.(9) even for large doping densities. The
terms of the intrinsic concentratiam . We neglect for now validity of this approximation will be examined at the end of
voltage drops due to resistance in the quasineutral regioriis section.
that cause the overall bias voltageto be different from the The decrease of the bipolar Peltier coefficient within the
junction voltage (R=V—V;~0) and examine these effects p-type region as the current bias is increased is depicted in
in Sec. IV. As carriers experience diffusion cooling while Fig. 6. Notice that the majority-carrier component stays
traversing the quasineutral region, the logarithmic relationroughly constant, while the minority-carrier component does
ship of concentration to the average transport energy caus@ot.
the Peltier coefficientlI, . to remain relatively constant The difference in Peltier coefficierffor both electrons
throughout much of the region while exhibiting a pro- and holeg on either side of the depletion region is equal to
nounced increase in magnitude near the contact as shown &ll=V,;—V;. Due to the fact that carriers are symmetri-
Fig. 5. We neglect this sharp rise in transport energy due téally distributed around the Fermi level in a metal, the Peltier
the fact that carriers will immediately release this samecoefficient can be approximated as zero inside the ohmic
amount of energy as they recombine at the contact; the shogpntacts. Noting that the minority carriers recombine at the
spatial scale suggests that a temperature gradient will ngontacts and release heat enewy;, the heat exchange
develop here. density at thep/metal contac{in the absence of other heat
In order to obtain a simple analytic expression for the biassource$ can be written as
dependence dfl, ., we approximatél, . by its value at the

edge of the depletion regiox £ —x,) and rewrite Eq(7) as Qpimetar —Je(Mpe—V)) = I, (12)

g e=1Tne= (Vi =Vj) where J, and J,, are the electron and hole current densities

keT{ Nec 5 (both taken to be positiyandll, . andll, , are the electron
=V;- —(Inn— +§) and hole Peltier coefficients in thetype region given in
q po Egs. (8) and (5b). Similar equations can be derived for the
kgT NecJdo 5 n-type region; the heat exchange at the junctiagain in the
- T( |ﬂm+ 5) . (8)  absence of other heat sourcésgiven by
whereV,,; is the built-in voltage given by 0.2
< I1
kBT NAND ?/ p.h
Vpi~ —In— 9 g 0
@ k5
)
andJ, is the diode saturation current density given in terms & 00
of the electron and hole mobilitigs, ;, by 8 o~ I
o pe
Ko M 5 04
= 2 L
Jo=n; kBT(WpNA+WnND : (10 e
[aW
Where,ué refers to the electron mobility in a region of dop- 06

ing concentratioM, . The diode current density is related to 107 10° 10° 10*
the applied voltage by Current Density (A/cm?)

J:JO

ex qVj . 1) (11) FIG. 6. Bias dependence of the bipolar Peltier coefficient of the
I|ZBT ' p-type region.
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Vj (V) FIG. 8. The variation ofQ; with doping in a symmetrically

doped 1um GaAs diode: dotted lines are derived from Etgb);
FIG. 7. The variation of] and —Q; with increasingV; in a solid lines are derived from E¢139 using drift-diffusion simula-
symmetrically doped Jum GaAs diode at two different doping tions and reflect corrections due to nonzero recombination and
levels. Fermi-Dirac statistics at high doping levels.

Qj=Je(Ilp e~ 11, o) = In(ILy ,— 11, ) (139 than simply taking the value at=x,), as shown in Fig. 9.
There is generally good agreement with Et@8b). This can
~=J(Vpi—V)), (13b also be seen in Fig. 10, which also compares the analytic
expressions derived above to numeric solutions. Notice that
whereJ=J.+J,. the error in the linear approximation depicted in Fig. 2 is
Notice that the total heat exchange given by the sum ofmall compared to the total difference in Peltier coefficients
the contact terms and the junction term is equal\¥p which  across the junctiolIl~V,;—V; shown in Fig. 10. The
is the total bias power on the device; the definition of thesmall error evident in the plots @; at low doping levels in
Peltier coefficient satisfies energy conservation. Since th&ig. 8 is due to the resistance of theype andp-type re-
bias current density is related exponentially to the voltage gions that causes an additional voltage drop.
V;, the amount of cooling at the junction increases as the The change in effective Peltier coefficient for electrons
device is increasingly forward biased, unyi| approaches and holes at the diode’s junction takes place over their re-
V. By settingdQ;/dV;=0, we see that the cooling power spective depletion widths, whose sum is given in terms of the
is maximized wheVp;—V;=kgT/q. This value of the junc-  dielectric permittivity s by
tion barrier height is a similar conditions to that cited for
heterobarrier coolers utilizing thermionic emissfdriJsing \/263( Na+Np
X'[Ot: Xn+Xp: I

)(Vbi_vj)- (15

this value in Eq(13b) gives q | NANp
1(kgT)\? }p }n Notice that increasing the doping level leads to an in-
Qj,opt= e T WpJFWn , (14 creasedV,; and therefore a larger total cooling at the junc-

tion through Eq.(13). For the symmetric caseNp=N,),

where we define “minority conductivitiesd,=quiNp and ~ @ssumindNp ,Na>n;, the cooling region width also de-
}nEqﬂENA; e.g., the minority conductivity for the-type creases W!th mcrease_d do_pmg_, this implies more concen-
region is the product of the electron mobility in that regiontr":ltecj cqollng at _the diode Junction. Howe_vgr, calculatlorj of
times the donor concentration in tmetvoe region. If both the spatial variation of the cooling term within the depletion

. | tetype region. region is not described by this thermoelectric analysis due to
Np andN, are increased, the minority mobilities decrease

but the minority conductivities show an overall increase;the comparable magnitudes of the energy relaxation length

thus, diode coolers typically do not have an optimum dopingand depletion width.

as majority-carrier coolers do. As shown in Fig. 7, the maxi- o

mum junction cooling power occurs for the maximum B. Long-length approximation

doping. For the case in which thp-type andn-type regions are
Figure 8 plotsQ; for a symmetric W,=W,=0.5um)  longer than the electron and hole diffusion lengths, all of the

GaAs diode at several different symmetrid{=N,) doping injected carriers are expected to recombine in the quasineu-

levels. Carrier transport energies were calculated by solvingal regions rather than at the contacts. This approximation is

the drift-diffusion equations self-consistently with Poisson’sdepicted in Fig. ).

equatior?*~?*and the bipolar Peltier coefficients used in Eq.  The bias power dissipated in the device is given by

(1339 were calculated by averaging E@) for carriers in the

guasineutral regions outside the diode depletion widither JV;=Precoms= (I, n =1 e)- (16)
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FIG. 9. Homojunction diode: band structure

(a),(c) and average transport ener@y, = q|Il|
(b),(d) at 1.00 and 1.30 V respectively, for a
1 um GaAs diode doped symmetrically at,

=N,=5%10" cm 2. In (b),(d) the dotted lines
refer to the averaged Peltier values used to calcu-
late Q; .
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We can rewrite the power dissipated through recombinatioro the recombination energy and the energy gain of carriers

in terms of the band gaR, as

E
Precoms=J Eg _‘](Vbi_vj)u (17)
where we have made use of the relation
Eq
1_[p,h_Hn,e E Vbi (18)

which is valid for homojunction diodes in the Boltzmann
approximation. The recombination power given in EL) is
made up of two components; andVy,;—V that are related

0.3

0.25

0.2

'Qj / J (V)

A o 250 A/em?
0.1%

x 500 A/cm?
4 1000 A/em?
0.05
1017 1018 1019
Doping (1/cm?3)

FIG. 10. Comparison of analytic and numeric solutions for
1 um GaAs diode—Q;/J=Vy;—V; computed numerically from
Eqg. (133 (solid lineg and approximated by E¢13b) (dotted lines.

prior to recombination, respectively.

If a fraction 7, of the recombination power is radiative
and leaves the diode, the total heat dengigglecting resis-
tive drops can be written as

v Co
q

which for Q,1x<0 yields the traditional constraint for opti-
cal refrigeration-?

: (19

Qtota™ J(

Mopt

IV. TEMPERATURE

For a layered device structure with thermal conductivity
k(x), the heat sources)(x) discussed above produce a
steady-state temperaturd(x) according to the one-
dimensional heat equatiod/dx[k(dT/dx)]=—q, where
q(x) is in units of W/cni. In order to examine the effects of
the rearrangement of the heat sources in a diode, we compare
its internal temperature profile to that of the traditional uni-
polar Peltier cooler shown in Fig.(&.

A. Conventional thermoelectric cooler

The cooling power at the cold junction of the traditional
cooler is given in terms of the Seebeck coefficients of the
p-type andn-type regionsx, and a,, by

2
dc= (a'p_ ap)IT coia= K(Thot— Teold) — o (20)

whereK is the thermal conductance of thetype andp-type
regions in parallel

125316-6
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An

K=k A
= W

il
v K (21

andR is the electrical resistance of the two regions in series

W, W,
RzppA—p+pnA—n. (22)

The electrical resistivity of the-type regionp,, is given by

1 1
Pn= p+n p+n =~ D '
Qun Ptgue N gueNp
The Seebeck coefficient is related to the Peltier coefficient N
by I1=Ta. By maximizingq, with respect to current, we W=/ Wy
find® that the maximum temperature differentg,— Teoq

(23

0 20 40 60 80 100

id i < — *0.39
for the traditional cooler can be written in terms of the figure"ne';'G' 11. W}, (solid ling) and fit W,=2.17(u*)% (dotted
of merit Z by '

1, KeT;
(Thot— Tcold)maXZEZTcolda (24 Vbi_Vj,opt: q +‘]0ptRA1 (28
where whereJdV;/dJ~kgT/q for a diode in the short-length ap-
5 proximation[see Eq.(11)]. Equation(28) does not have an
- (@p—an) _ (25) analytic solution for the value af,;, but we can arrive at a
KR numeric solution by rewriting it as
It can be shown thaR is minimized when L
g g
1/2 = A L
WoA, :(ppkn) | o0 1+f+Inf=In W, +Wn (PpWpotpnWyn) |, (29
WpAn pnkp . - .
The figure of merit reflects the optimal balance of Joule heat\—NherefE(q/ KgT;)JopRA. Likewise, we can write
ing, heat conduction, and Peltier cooling. 1
KR=K| —+ — W+ p,W,), 30)
B. Diode cooler W, W, (PpWp t puWn) (

For a diode, we consider the short-length case in whic

both ohmic contacts are h(_aat sunk at a temperéltgrdnere In order to calculate the optimal diode geometry and bias,
we can calculate the maximum temperature differerg ( we first examine the symmetric cashl{=Np) and later

—Tj)max that can be achieved between the heat sink and thﬁ)ok briefly at the asymmetric case. Equatids) suggests

diode junction. From the perspective of Fig. 3, we CONNECHLt both then-tvpe andn-tvoe redions should be maximall
the p-type andn-type regions directly together at the “cold” PP ype regi u X y

contact and lefl; =Ty and To=Ty,;. We neglect thermo-
electric voltage drops caused by temperature gradients across
the semiconductor regions.

By using Eq.(13b), we can write the cooling power den- 03
sity Q; at the junction in the short-length limit as

rQ/vhere we have assumégd=k,=K.

0.4

K J°RA
Q=IVei=V)—x(To=T)=——. (27 e0 0.2
where the nonzero resistance of the quasi-neutral regions is
taken into account through;=V—JRA and half of the

Joule heat is assumed to flow back to the juncfidithe

device is assumed to have uniform cross sectigi=A, 0
=A. From a comparison of Eq$20) and (27) we see that 0 20 40 60 80 100
the effective Seebeck coefficients for the diode are dependent u* =W/ Wy

on bias as well as on geometry and material.
The maximum cooling power density, found by setting FIG. 12. g(u*) for W* =W, and forw* =1 (solid lines; fit
dQ;/dJ=0, is given by the condition Gopt=0.42—0.07 Inu* (dotted ling.
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10 16 17
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% &
W /W opt
FIG. 13. Variation ofAT around the optimality point defined by
Eq. (34) for u*=30.

FIG. 15. Optimal value of] for several semiconductor diode
materials, assuming/,,=1 pm.

1 (kBT,-)2 (f2+2f)W*

doped in order to achieve the most cooling, making the sym- AT 2kpn\ O ) (WFH1)(W* + u*)

metric case especially important. Equati@9) now simpli-

fles o - (kBT’ goW ) (33
T 2kp,| g ) I

1 1 The optimal value ofV* can be found in terms gi* by the
1+f+inf=Inf W+ —+pu*+—|, (31  condition JAT/dW* =0, as shown in Fig. 11; for typical
w* M devices,u*>1. The functiong(W*,«*) defined in Eq(33)
can now be expressed as a function of just as shown in
whereW* =W, /W, andu* = u./un,. Equation(30) can be  Fig. 12; gy is very closely approximated by a first-order
written as polynomial in Inu*. Also shown is the value df for a diode
with equal region widths\(V* =1) for comparison. The op-

. (W* £ 1) (W + %) . timal value of AT can now be derived from E¢33):
=KpPn W . (32 AT - 1 kBTj)Z
opt™ 2kpn

0.42-0.07 |n’3) . (39
Mh

The maximum value of the temperature differenk@ From comparison with Eq925) and (24) we see that the
=To—T; is then given by settin®@;=0 in Eq.(27) so that effective Seebeck coefficients for the diode after optimizing
the cooling at the junction exactly balances the heat conduder current density and geometry are proportionakgdq by

tion a factor which is dependent on the ratio of the mobilities.
10°
HgysCdy,Te
g 10°
5
9
2
10
GaAs
Si
-4
2 10
10" 10" 10" 10" 10" 10" 10" 10"
Doping (1/cm3) Doping (1/cm3)

FIG. 14. Optimal value ofW* for several semiconductor diode FIG. 16. Optimal value oAT for several semiconductor diode
materials. materials.
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TABLE |. Material parameters of several semiconductors.

k e n? u*P

(W/ecm K) (cn?/V's) (cnmP/V's)
Si 1.31 3200-100 560-100 6-1
GaAs 0.55 8000-3000 400-100 20-30
InSb 0.18 100 000-10000 1000-400 100-25
GaysdnosAs  0.05 18000-3000 800-100 22-32
HgosClhoTe  0.01 20000-5000  600-60 34-86
®Doping range 1¥— 10,
bCalculated.

Notice that increasing the total diode widd,=W,+W,

(while keepingW* constanthas no effect oA T, but does
cause the optimal curredt, to decrease, sindes fixed but
R increases.

In order to examine the dependence &T on current
density and width ratio, we plaiT/A T, versus these vari-
ables in Fig. 13 for the value g&* =30 (typical for many
diodes. As we move the current density away from its opti-
mal value, we keepNV* fixed at its optimal value foi
=Jopt, and vice versa. Fai<Jqy and forw* <Wg,, con-
duction from the side heat sinks dominates, while for
>Jopr and for W* >ij§pt, Joule heating dominates.

Values of\/\/*pt, Jopt,» @NdAT, are plotted for symmetri-

(o]
cally doped diodes of several semiconductor materials i

used are summarized in Table I. From Fig. 14 we see\ihat
must often be kept small in order to ensure tdt is less

n
Figs. 14, 15, and 16, respectively. The material parameteréq_
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<
®
=
i
2.
g
Q
= \ A
sl W#*=17,12,9
40 0.5 1 15 2

Position (Lum)

FIG. 18. Internal temperature profil@ith respect tol ;=0) at
several values oW* for a 2 um Hg, Cd,,Te diode doped sym-
metrically at 2x 10" cm™3, assumingl=J,,=3.85x 10° A/lcm?.
The internal temperature minimum occurs at the junction
for T,in<<O.

X 10> Alen??. In Fig. 19, we assumev* =Wg,=12.5 and
plot the temperature profile for several values of J.

In the above solution to Eq27) we have assumed sym-
metric doping. To examine the asymmetric case, we plot the
optimal temperature and optimal current density for a range
of doping profiles for a HggCd,,Te diode in whichW,
W,=1 um, as shown in Figs. 20 and 21. As implied by
(14), the best performance is achieved at the highest
doping levels(unlike conventional majority-carrier thermo-
electrics, in which there is an optimum carrier concentration

than the diffusion length and satisfies the short-length ap,o\ijeq that the recombination lengths remain in the short

proximation. In Fig. 17 we plot the optimal current as a

function of total region widthW,, for several materials
doped symmetrically atx 10*° cm™ 3. To examine the large

length limit. WhenW* is set to 1 instead oV, the opti-
mal current density decreases, but it comes at the cost of a
lower optimal temperature.

internal diode temperature gradients that can occur in a ma- Moving the junction to the center of the diode can be

terial with very low thermal conductivity and high mobility
such as HggsCd,,Te, we plot the temperature profile of a
2 um device doped symmetrically at<110'® cm™2 for sev-
eral values of W* in Fig. 18, assumingJ=J,,=3.85

10°

Hg, ¢Cd,,Te

Jopt (A/cm?)

10°
Wior (Wm)

10

beneficial if the heat sinks are not ideal. The cooling shown
in Figs. 16 and 20 depends on the constraint that both con-

40
J = 8x10° A/cm?

n
[=]

Temperature (K)

5%103
4x10°

0 0.5 1 1.5 2

Position (Lum)

FIG. 19. Internal temperature profil@ith respect tol ,=0) at
several values af for a 2 um Hg, Cdy ,Te diode doped symmetri-

FIG. 17. J,y for several semiconductor diode materials dopedcally at 1x 10" cm™3, assumingW* =\N§pt= 12.5. The internal

symmetrically at & 10™° cm™2.

temperature minimum occurs at the junction.
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20 10°
Np=101? Np=10"
P
) T
~ 3]
5 <
F N’
< & .3
—_ 10 ND=1017
| Np=10t
0 10
10 10" 10" 10" 10 10" 10 10'°
N, (1/cm?) N, (1/cm?)
FIG. 20. Optimal temperature for a blgcdy,Te diode with FIG. 21. Optimal current density for a HgCd, ,Te diode with
W,=W,=1 um. W,=W,=1 um.

tacts are heat sunk at a constant temperature, while a remat it can sustain is significant. For a device in which exter-

device can have contact resistance and nonideal heat sinkiqgal cooling is unsuitable, the internal cooling mechanism of
For example, if a diode is grown on a thick semlconductorthe diode(and of bipola; devices in genejatan be opti-

substrate, carriers injected from the top side will recombin ized

over their diffusion length within the substrate; some of this '

heat will be conducted back to the junction. Depending on

the device geometry, this can decrease the cooling effect. V. CONCLUSION

The total amount of power dissipated in the conventional The pipolar Peltier coefficient can be used to model ther-
Peltier cooler is equal toJ)*R, while the diode dissipates moelectric heat exchange as a function of device bias in
(JA)?’R+JAV;. The extra power dissipated in the diode is minority-carrier devices. Analytic expressions can be derived
used to transport heat from the junction to the contactgyhich yield optimal bias conditions for thermoelectric cool-
(where it is often more readily conducted awagroducing ing; several material systems show the capability for large
the thermal gradients discussed above. In the case for whiGRternal temperature gradients. This type of internal thermo-
carriers recombine optically, the total power dissipated caectric cooling has many implications for device designs in
be less thanJA)’R, and an analysis similar to that given in \yhich heat management is important and for which external
Sec. llI B can be applied. cooling is not desirable or not effective.

The dimensionless figure of medT is defined through The mechanism of diode thermoelectric cooling is espe-
Eq. (24) and is given by AT,,/T. The ZT of most com-  cjally relevant to semiconductor laser diodes, whose perfor-
mercial Peltier coolers using bismuth telluride is approxi-mance is strongly dependent on the junction temperature.
mately 1, while the value for a HgCd,.Te diode doped Since most lasers employ heterostructures for the confine-
symmetrically at 210" cm™* is approximately 0.2. It is ment of carriers and the optical mode, the analysis presented
interesting to note that this figure is approximately the sameere must be extended in order to account for the traversal of
as the bulk ZT derived elsewhef®jmplying that bipolar  carriers across heterointerfaces. In this case, numerical simu-
thermoelectric effects, although nonlinear and dependent oftion of carrier transport can be used to derive bias-
coefficients that change with voltage, could be ultimatelydependent Peltier coefficients for each layer in a device. This
limited by the conventional thermoelectric bulk figure of method has been used to show that laser diodes can be opti-
merit. Based on the analytic expressions for bulk and diodenized through the use of type-Il heterointerfaces and appro-
thermoelectric figure of merit, no direct relation betweenpriate doping such that thermoelectric cooling causes a sig-

them can be easily seen. This is especially the case since thgicant decrease in the temperature of the active regfion.
optimum doping is different for the two cases. The fact that

the numerical values of these figures of merit are sin{géar
the highest dopings that can be easily achieved for a diode
needs further investigation. While the diode is not appropri- A.S. would like to acknowledge support from Grant No.
ate as an external cooler, the internal temperature differenddSF-CTS-0103609.
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