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[20] S. Takagi, M. lwase, and A. Toriumi, “On the universality of inversionsubcollector. We have found that AIGaAsSb and InAIAs metamorphic
layer mobility in n- and p-channel MOSFETs,” IEDM Tech. Dig,  puffer layers have very low effective thermal conductivities [2], and
[21] &/I?B\?’lgi‘s)'cr?ggiﬁ:(.)léémiz, and W. Hansch, “On the enhanced electr?r;nave earlier reported MDHBTSs with higher thermal conductivity _InP
mobility in strained-silicon inversion layersJ. Appl. Phys.to be pub- uffer layers [3], [4]. AlGaAsSb and InAlAs buffers have low effective
lished. thermal conductivities because they are alloy materials. Here we com-
[22] F. Gamiz, J. B. Roldan, J. A. Lopez-Villanueva, and P. Cartujgpare thermal characteristics of MDHBTSs grown on InP (nonalloy) and
“Coulomb scattering in strained-silicon inversion layers in SiGe.  graded InAIP (alloy) buffer layers to those of lattice-matched devices.
substrates,Appl. Phys. Lett.vol. 69, pp. 797799, 1996. An InAIP buffer is investigated for the following reason. Because the
heat flux spreads as it flows away from the transistor junctions, the
thermal conductivity of the upper part of buffer is more important in
heat transfer than that of the lower part of buffer. The upper portions
of the In. Al _..P buffer is composed of material with only a low AIP
. . . alloy fraction (almost pure InP), and hence a higher thermal conduc-
Thermal Properties of Metamorph_m Bu_ffer Materla!s for tivit;// than the(lower pgrtions of)the buffer, wheregthe alloy fraction is
Growth of InP Double Heterojunction Bipolar Transistors close to 50%. This is advantageous relative to the cases of InAlAs and
on GaAs Substrates AlGaAsSh linearly graded buffer layers. For those materials, the upper
portions of the buffer layers are alloys (InAs—AlAs and AlGaAs-Al-
GaSbh) of approximately equal composition of each constituent mate-
rial and hence reduced thermal conductivity is expected in the upper
Abstract—Metamorphic double heterojunction bipolar transistors ~Portions of the buffer layers. We nevertheless find that use of InAIP
(MDHBT) using InP or InAIP as metamorphic buffer layers were grown  buffer layers results in high DHBT thermal resistance.
on GaAs substrates. For devices using InP buffer layers on GaAs sub- In the case of InP buffer layers and narrow emitter geometries,
strates, measured junction-ambient temperature rise at 7.5 mW power \pHBT thermal resistance is comparable to that of lattice-matched

dissipation is comparable to those of devices grown on InP substrates, o . . .. . .
while much larger temperature rises are observed when InAIP buffer HBTs. A low 32°C junction-ambient temperature rise is obtained in a

layers are employed. By comparing the measured temperature rise device operating at 235 kW/cn{7.5 mW dissipation in a device with
with that computed as a function of the known transistor geometry and a 8 m x 0.4 pm emitter).

unknown buffer-layer thermal conductivity, we estimate that the thermal

conductivity of a uniform InP buffer layer is 35 £ 5 W/k-m, while a

linearly graded InAIP buffer layer with 0.2 wpm InP upper layer has

8 &+ 3 W/k-m effective thermal conductivity. These results strongly suggest Il. GROWTH

the use of InP metamorphic buffer layers in metamorphic InP-based '
DHBTs grown on GaAs substrates.

Y. M. Kim, M. Dahlstrom, M. J. W. Rodwell, and A. C. Gossard

The samples were grown using a Varian Gen |l molecular beam epi-

Index Terms—_H_eterojunction bipolar transistor (HBT), metamorphic, taxy (MBE) system equipped with valved phosphorous (P) and arsenic
thermal conductivity. (As) cracker cells. InAIP and InP metamorphic buffer layer materials

were used for this study.
|. INTRODUCTION The InAlP buffer layer was grown at 40@ in order to keep the sur-
) ) ) . face smooth while the InP buffer layer was grown at 470) as mea-

InP-based double heterojunction bipolar transistors (DHBTS) areared by a pyrometer. While a InAIP metamorphic buffer layer grown
key technology for high-speed optical fiber and wireless transmissigp4oooc showed smoother surface morphology (3.6 nm rms rough-
ICs. InP substrates are expensive and are not available in as large %%g) than a sample grown at 470 (5.9 nm rms roughness), the InP
as GaAs substrates. Moreover, InP substrates are fragile and are egai%r layers showed rougher surface morphology at 20Qrowth
broken in fabrication. This motivates development of Iattice-mii-l3.3 nm rms roughness) than at 470 growth (9.5 nm rms rough-
matched _metamorphlc growth of InP DHBTS‘_ on GaAs SUbStrat‘?‘Fess). The InAIP buffer was graded in composition from that matched
Such devices are ref(_erred t?, as _metamorphlc DHBTS (MDHBTstbaGaAs latticéIny 49 Al 51 P) to that matched to an InP lattice. After
Thermal performance is of critical importance, as hlgh-speed DHB'gsl_gNm linearly graded IpAl,_, P layer, a 200-nm InP buffer was
must operate at emitter power densities exceeding 250 kfv/cm grown at 470°C. The InP buffer was grown directly on the GaAs sub-

Transistor thermal resistance is critically dependentuponthetherr‘gﬂhte to a thickness of 1/8m. In both cases, the metamorphic buffer
resistance of layers lying immediately below the collector [1]. Ther?éyer growth was followed by growth of an InPelg; Ga.47AS — InP
fore, the subcollector semiconductor must be selected forhightherrmu”_%T structure. Key features of the layer str‘ucture‘ include an InP
conductivity (avoiding thick layers of low thermal conductivitylnGaAsemitter’ a 4004 -thick InGaAs base with 52 meV band-gap grading
with = 5 Wik-m). Additionally, in the MDHBTSs, thermal resis- ¢, paqe transit time reduction, a 180, 53 Ga.1-As setback layer,
tance can be dominated by the poor thermal conductivity of the th|8k240A INo.53Ga.47AS/ N0 52Al o 45 As base-collector heterojunction
(1-1.5 um) metamorphic buffer layer lying immediately below they aqe and a 1664-InP collector. For appliedr; > 1.3 V, the total

collector depletion thickness is 2080 TheN ™ subcollector layer was
composed of 25Q Iny 53Ga, 47As and 1250A InP. The layer struc-
tures are shown in Fig. 1.

Manuscript received November 8, 2002; revised January 22, 2003. This workT he reflection high-energy electron diffraction (RHEED) pattern
was supported by the ONRby Grant N00014-01-1-0065. The review of this brighs observed during buffer layer growth. The RHEED pattern showed
Wa'?hirr:St%\%?’sb)(:\rEed:/tv?trth}-E IIset‘e‘:;artment of Electrical and Computer En qiﬁraCtion streaks during growth of the InAIP buffer layers. These
neering, University of California, Santa Barbara, CA 93106 USA (e—ma%treakS suggest relatively S_mOOth epitaxial growth. Even (_:iurlng
kymdow@ece.ucsb.edu). InP buffer layer growth, low-intensity streaks were observed in the

Digital Object Identifier 10.1109/TED.2003.813225 RHEED pattern.
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Fig. 4. Comparison of measured junction temperatures of MDHBTs with
InP and InAIP buffer layers data and LM-DHBT with calculated junction
temperatures, computed as a function of metamorphic buffer layer thermal
conductivity. The upper five curves represent calculated temperature rises
assuming metamorphic buffer layer thermal conductivities of 5, 10, 20, 30, and
40 W/k-m, while the lowest curve represents the calculated temperature rise of
a DHBT grown lattice-matched on an InP substrate.

The dc parameters for the devices with InP buffer and InAIP buffer

are S‘?mma”ze‘?' inFig. 2. Fig.3'_sh(_)ws_the measured temper_ature ris\?f&é calculated with 7.5 mW applied power. The power dissipation
a device operating at 7.5-mW d|s§|pat|on, p"’tte‘?' as fafun.ctlon 0f b38& ssumed to be uniformly distributed within the collector depletion

mesa area. 'I_'he measfured_transmtors have emitter junction Iengthrsa)gér and the thermal conductivities were assumed to be 5 W/k-m for
8 um and emitter junction widths of 0.3, 0.4, 0.7, and ti@. The base INo 55Gay 4-As, 68 W/k-m for lattice-matched InP, and 44 Wi/k-m for

mesa length is 8.6m, (\j/vhile the basg mesawidths are 1.0, 162’,1'6& t'?he GaAs substrate. Fig. 4 compares the results of the calculations with
2.0, 2'6_’ 2'7{1 3'0r'] an zg@m J_uhnctlon_tebrlnperatlgrgrwas Od tained by,e measured data. The upper five curves of the plot represent cal-
measuring the change bk with a variable applied’,; under con- culated junction temperature rise assuming metamorphic buffer layer

dition_s (_)f constant forced collector bias curreft) [1]. Thermal char- _ thermal conductivities of 5, 10, 20, 30, and 40 W/k-m, while the lowest
acteristics of the MDHBTSs are compared to that of a reference Iattlc(:f_|

o ) Irve of the plot represents the junction computed temperature of an
mat.ched DHB_T (_LMDHBT) of similar geometry. The lattice-matcheq, gt grown lattice-matched on an InP substrate. Comparing these, we
device has_a S'm"af layer structure except that tham@-”AS Sub- estimate that the effective thermal conductivities of the InP and InAIP
collector thickness is 508 and the substrate is InP. As is shown by the) <. layers are approximately 355 W/k-m and & 3 W/k-m.
data (Fig. 3), MDHBTSs with InP buffer layers show junction temper-

atures only slightly larger than that of lattice-matched devices. Much
higher junction temperatures are observed with InAIP buffer layers.
Since increased junction operating temperature will degrade device rewe have investigated InP and InAIP as metamorphic buffer layer
liability [1], [2], these data strongly suggests the use of InP buffer layensaterials in MDHBTs. The temperature rises at 7.5 mW device
in metamorphic HBTSs. dissipation were measured. MDHBTs with InP buffer layers showed
In order to determine the metamorphic buffer layer thermal cothermal resistance comparable to LMDHBT, while MDHBTs with
ductivity, the expected HBT collector junction temperature was cdRAIP buffer layers showed large junction temperature rise. Thermal
culated by solving the Laplace heat flow equation in three dimensiom&nductivities of metamorphic buffer layers were determined to be
The same emitter junction sizes and base mesa sizes as in the 38at 5 W/k-m for InP and & 3 W/k-m for InAlIP, the difference
surements were used in the calculation. The calculations also assumssdlting from phonon Rayleigh scattering in alloy semiconductors.
a 20004 InP collector, a 2508 Ing.53Gay.47As upperN ™ subcol- The value of 35+ 5 W/k-m for the InP metamorphic buffer is much
lector, a 12504 InP lower N * subcollector, a 1.;xm metamorphic lower than the value of 68 W/k-m for lattice-matched InP. We believe
buffer layer, and a 350m GaAs substrate. Junction temperature risthe reduced thermal conductivity results from the defects associated

Fig. 2. DC parameters for devices with InP and InAIP buffer layers.

lll. RESULTS

IV. SUMMARY
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with metamorphic growth. The data strongly suggests use of Ifi&r a variety of applications [5]-[8]. It is known that the stability of

metamorphic buffer layers in metamorphic DHBTS. resistors directly affects the accuracy of reference voltage, power con-
sumption, and proper working of an electrical circuit. Previously, many
REFERENCES models related to resistors were reported [9]-[13]. Experimentally, in

[1] W.Liu, H.-F. Chau, and E. Beam Ill, “Thermal properties and thermal i-order to reduce contact resistance, the salicide process has been widely

stabilities of InP-based heterojunction bipolar transistd&ZE Trans.  aPplied to subquar_te_r micron.L.JLSI technology. T_he existence of in-

Electron Devicesvol. 43, pp. 388—-395, 1996. terface between silicide and silicon causes undesired drawbacks of re-
[2] Y.M.Kim, M. J. W. Rodwell, and A. C. Gossard, “Thermal charactersistors. In a previous work [14], a simple model is reported to ana-

istics of InP, InAlAs, and A1GaAsSb metamorphic buffer layers useg;o anq calculate the bulk resistand®,.i.) and interface resistance

in Ing.52Alg.48AS/INg 53G& .47As heterojunction bipolar transistors . o L .

grown on GaAs substratesJ! Electron. Mater.vol. 31, pp. 106-199, ([interiace) between silicon and silicide. The size effect plays a key

2002. role in the resistor performance especially when devices are scaled
[3] Y. M. Kim et al, “InP/Ing,53G&.47As/INP double heterojunction down to submicron-meter regime. Furthermore, temperature variation

bipolar transistors on GaAs substrates using InP metamorphic buffesults in the inaccuracies of resistance control of thin film resistors.

layer,” Solid State Electronvol. 46, pp. 1541-1544, 2002. . . R L. .
4] “High-performance INPIn, . Ga, 4-As,/ InP double heterojunc- This causes the undesired drawbacks in circuit applications. Particu

tion bipolar transistors on GaAs substratéEFE Electron Device Lett. larly, in many high-speed mixed-signal IC applications, the highly pre-
vol. 23, pp. 297-299, June 2002. cise and relatively temperature-independent performance is important

and necessary [15].

In this work, the temperature-dependent characteristics of polysil-
icon and diffused resistors are studied. The temperature coefficient
of resistance (TCR) characteristics of/p™ polysilicon and diffused
resistors are compared. From the experimental results, negative TCR

Temperature-Dependent Characteristics of Polysilicon  values ofRi,...r... values are observed in the diffused and polysilicon
and Diffused Resistors resistors. Negative TCR values are observed in resistors with small di-
mensions. On the contrary, positive TCR values are found in resistors
Hung-Ming Chuang, Kong-Beng Thei, Sheng-Fu Tsai, and  with larger dimensions.
Wen-Chau Liu
Il. EXPERIMENT

_ Abstract—The temperature-dependent characteristics of polysiliconand  The studied resistors were fabricated by using a QABCMOS
diffused resistors have been studied. By using the 0.18m CMOS tech-  technology. The diffused resistors were isolated by shallow trench

nology, a cobalt salicide process is employed and silicide is formed at the . . - .
ends of resistors. Based on a simple and useful model, some important pa—'S‘OIat'On (STI) process. The amorphous silicon film of 2000 A was

rameters of resistors including bulk sheet resistancé Ry, ) and interface ~ deposited on STI by using a low-pressure chemical vapor deposition
resistance( R;.tertace) are obtained at different temperature. For diffused  (LPCVD) system at 540C. After forming poly-gate and SN
resistors, the Ryuix and Rincerrace Values are increased and decreased spacers, thehand p~ source/drain regions were formed by the n

with the increase of temperature, respectively. Positive values of tempera- . i, 5 5 .
ture coefficient of resistance (TCR) are observed. Furthermore, TCR values IMPlant condition of As/40KeV/S.6x 10'* cm™? and the p implant

are decreased with the decrease of resistor size. For polysilicon resistors, thecondition of B/15KeV/3.0x 10'* cm™ and BR/5KeV/3.5 x 10'?
Rintertace Values are decreased with the increase of temperature. In addi- ¢cm2. At the same time, the'nand p" resistors were formed by

. ) " N n - H ¢ _ _
tion, negative and positive TCR values offfy.y are found in n™ and p* 54 o source/drain implantation, respectively. Then, a source/drain
polysilicon resistors, respectively. In conclusion, by comparing the studied

diffused and polysilicon resistors, the negative trends of TCR are observed 'apid thermal annealing (RTA) process was performed at 1025
when the resistor sizes are decreased. for 30 s to activate the dopants. A resistor-protect-oxide (RPO)

Index Terms—Diffused resistor, polysilicon resistor, TCR. layer was deposited on resistors. The RPO layer prevents resistors
from silicidation in the following cobalt salicide process. Co-silicide
regions, formed on the polysilicon-gate and diffusion layers, were then

. INTRODUCTION introduced. After the interlevel dielectric (ILD) deposition, a chemical

Recently, due to the progressive requirements, the scaling down cBigchanical polish (CMP) process was used in planar process. Then, a
sideration and fabrication of deep submicron meter devices have Big-hole etching collimated-Ti CVD TiN-barrier W-plug and W-CMP
come key roles in modern IC industry [1], [2]. In the ULSI’s techprocess were performed. Finally, the metallization process was
nologies, polysilicon and diffused resistors are widely used throughdatlowed by a forming N gas annealing at 40@C.
the semiconductor industry for a variety of applications especially in
a CMOS process [3], [4]. Polysilicon and diffused resistors are widely I1l. RESULTS AND DISCUSSION
used in the integrated circuits. Diffused resistors are commonly usedEX erimentally, typical values of bulk sheet resistan@@s.) of
in electrostatic discharge (ESD) protection circuits. Also, the doped E’r o Y, typ . . k) 21
polysilicon is usually employed as a precise analog resistor elemgnt(p )polysﬂu:on and diffused resistors, formed by source{dram Im-

plantation, are about 311 (330) and 60 (183} 1. The total resistance
R can be expressed as [14]
Manuscript received October 17, 2002; revised January 17, 2003. This work

was supported in part by the National Science Council, R.O.C., under Con- R = Rc + Ranicide + Rhule X £ + Rintorface X W_O (1)
tract NSC 91-2215-E-006-016. The review of this brief was arranged by Editor W W
J. Vasi. whereR ¢ andRg;iicide are the effective contact and silicide resistance,

The authors are with the Institute of Microelectronics, Department of Ele g . - . .
trical Engineering, National Cheng-Kung University, Tainan 70101, Taiwar(;L-,an_dw are the_ Ien.gth and width of polysilicon resistors, respegtlvely.
R.O.C. (e-mail: weliu@mail.ncku.edu.tw). Wy is a normalization constant (e.gs, 1 #m) to guarantee the right
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