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RIFAT RAMOVIĆa andROBERT ANDRINb

aFacultyof ElectricalEngineering, Bulevar Revolucije73,11120Belgrade, Yugoslavia
E-mail: ramovic@kiklop.etf.bg.ac.yu

b”TelekomSrbija” a.d.,Departmentof MobileCommunications,Takovska2,
11000Belgrade, Yugoslavia

Received5 January1998;
Accepted30 September1998

We presentananalyticalapproachfor modellingtheplanarstructureof GaAsMESFET’s
with the aim to determinecurrent-voltagecharacteristicsandbreakdown voltagefor re-
versegate-drainbias.With the two-dimensionalanalyticsolutions,we candeterminethe
electricpotentialandfield, andcarrierandvelocity profilesin thedevice. The resultsof
simulationarecomparedwith theavailableexperimentaldata.
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1. Introduction

The demandsfor optimizationof variousGaAs semiconductordevices require im-
provedmodelsof their behaviour [1–9]. Analytical modelsaresuitablebecausethey can
includemany effectswith no needfor previousexperimentalmeasurementwhich is con-
venientfor designingnew andmodifyingtheexistingdevices.
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A numberof papersdealwith theanalyticalbehaviour of GaAsMESFETs[1–3,6,7].
Taking into considerationtheir results,we presentmodifiedtwo-dimensionalmodelsfor
the planarstructure.In our models,we take the effect of surfacestateswhich was not
the casein previous models[1–3,6], and determinethe analyticalsolution of the two-
dimensionalPoissonequation.We derive relationsfor thepotentialdistribution, thefield
distribution andcarrierprofilesin thechannelthatallows thecalculationof the I -V char-
acteristicsandthebreakdown voltagefor reversegate-drainbias,thecarriervelocity dis-
tributionandtheconcentrationof thecarriers.

The reversebreakdown voltageis a significantfactor limiting the microwave power
outputof GaAsMESFETs.Therearecertaineffectsthatshouldbedescribed[6,7,10–13]
andbetterdesignsolutionsshouldbe soughtfor. We found that certaineffects(surface
states,insulationmaterials)canbedescribedwith ourmodel.

2. Themodel

Schematicdiagramof theanalyzedplanarMESFETstructureis givenin Figs. 1 and
2. To simplify theanalysis,wedivide thechannelinto four regions,alongthelongitudinal
axis.In comparisonwith previousmodels,theregion IV is new in theanalysis,wherewe
take into accounttheeffectof surfacestates.

Figure1 shows the region I (underthe gate),wherethe strengthof electricfield is
below ET (the threshold field at which the electron drift velocity attainsthe

Fig. 1. Schematicdiagram(cross-section)of a planarMESFETstructurefor theanalysis
of I -V characteristics.

maximumvalue)andthis is the low-field region. ThevaluesLa andLb aredeterminedas
in Ref.1. In theregionII (alsounderthegate),theelectricfield is strongerthanET . Thatis
thecasein regionsIII andIV, but they arenotunderthegate.In theregionIV weintroduce
theeffectsof surfacestates.

Basedon theanalysisin Ref. 1, we assumetheconstantchannelcross-sectionin the
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regionsII, III andIV. The region IV is new in comparisonwith the modelsgiven in the
literature,andin this regionweconsidertheeffectsof thesurfacestates.

Fig. 2. Schematicdiagram(cross-section)of a planarMESFETstructurefor theanalysis
of breakdown voltagecharacteristics.

For theanalysisof thebreakdownregion,weuseFig.2.RegionsI andII aresymmetric
with respectto thecenterof thegateelectrode[6]. In theanalysis,we assumethesource
anddrainelectrodesgrounded.

To get thepotentialdistribution asa functionof theparametersrelevant for theanal-
ysisof thegivenstructurefor all regionsof thechannel,it is necessaryto solve the two-
dimensionalPoissonequation:

∂2V
∂X2

� ∂2V
∂Y2 ��� q ND

�
Y �

εs � (1)

Theboundariesof theregionsaredeterminedby boundaryconditions[1,2,6]. As the
boundaryconditions,we assumethe continuityof the potentialacrossthe interface,and
that the transverseelectricfield vanishesat the boundaryof the depletedregion. Then,
we assumethat the electricfield alongthe channelis continuousat the boundaryof the
depletedregion [1,6].

Theboundaryconditionsfor region IV, thataccountsfor surfacestatesare

∂VIV

∂Y

�
L3 � 0� � γ

ρss

εs
(2)

∂VIV

∂Y

�
L4 � 0� � ϑ

ρss

εs
(3)

whereϑ andγ areparameterswhere:ϑ � γ � γ 	 1 � ϑ � 1. Theseconditionsaredueto the
assumptionsthattheamountof thesurfacestatesbecomessmallerata largerdistancefrom
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RAMOVIĆ AND ANDRIN: MODIFIED TWO-DIMENSIONAL ANALYTICAL MODEL FOR . . .

thegateedge.Thentheuniversalsolutionof thePoissonequationhastheform [1,6]:

V 
 x � y���� Aexp
 kx� � Bexp
 � kx� � ���Ccos
 ky� � Dsin
 ky� � � F 
 x3 � 3xy2 �
� G 
 y3 � 3x2y� � H 
 x2 � y2 � � Ixy � Jx � Ky � M � q

εs

y�
0

dy� y��
0

ND 
 y� � � dy� � (4)

whereA � B � C � D � E � F � G � H � I � J � K � M andk areconstantswhichareto bedetermined.
Thedraincurrentis determinedas

ID  Ic � VD � RP (5)

whereIc is thechannelcurrentcalculatedas

Ic  qZ
dV
dx

a�
h

ND 
 y� µ
 y� dy (6)

in thelinearregionand

Ic  qZ

a�
h

ND 
 y� µ
 y� dy
E�

1 ��� E � EL
Ec � 2

(7)

in thekneeregion.VD is thedrainvoltage,RP thesubstrateresistance,Z thechannelwidth,
V thepotential,h thedepletionwidth, a theactive channeldepth,E theelectricfield, Ec
andEL aretheconstantsdeterminedin Ref. 1, ND thedopingconcentrationandρss is the
surfacecharge.In thesaturationregion thechannelcurrentbecomesconstant.

Thebreakdown voltagecanbedeterminedusingtherelation[6]�
PI

αnexp � !� s�
o


 αn � αp � ds� "# ds  1 (8)

whereαn is the electronionizationrate,αp the hole ionizationrate,PI the integral path
along the streamlineof the electric field emanatingfrom the gateedgeand s the path
length.Ionizationcoefficientsaredeterminedfrom therelations

αn  2 $ 994 � 105exp % ��& 6 $ 848 � 105

E ' 1( 6)
(9)

αp  2 $ 215 � 105exp % ��& 6 $ 570 � 105

E ' 1 ( 75)
(10)
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whereαn andαp aregivenin cm* 1.
Thesolutionsfor thepotentialdistribution in region IV for thecurrent-voltagecharac-

teristicsaregivenin Eq.(11),andfor thebreakdown voltagein Eq.(14).

VIV + I * V , X - Y .0/ 2EThT

π
sinh 1 πL2

2hT 2 exp 103 πX
2hT 2 sin 1 πY

2hT 2465
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0
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where

α1 / ED + I * V 4 EFC 3 ET cosh1 πL2

2hT 2 (12)

α2 / ϑ
ρss

εs

4 2L3

hT
α1 3 ED 3 ET sinh 1 πL2

2hT 2 exp 103 πL4

2hT 2 (13)

whereED / , qE εs. hTF
0

ND , y. dy, hT is thedepletionwidth in thesaturatedregion,EFC is the

surfacefield dueto thefixedchargedensityin thepassivationinsulatorandV0 / VG 3 Vbi.

VIV +Vbr , X - Y .0/ VAcosh, kL2 . exp, 3 kX . sin, kY . 4
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H ED SVbr L 2L3

a
α2
H k VA coshJ kL2 K exp J H kL4 K X (16)

α2 Y ED SVbr L EFC
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Takingthederivativesof potentialdistributions,it is possibleto calculatetheelectric
field. Theelectrondensityalongthechannelcanbeestimatedfrom therelation

n J Y K Y ND J Y K L εs

q
∂2V
∂X2 ```` Y a hT

_ (18)

3. Resultsanddiscussion

Accordingto thepresentedmodel,we developedthealgorithmfor thenumericalcal-
culationof the electricfield, the electronconcentrationin the structureandthe current-
voltagecharacteristics.We analyzedtheinfluenceof sometechnologicalandgeometrical
parameterson transientcharacteristics.Someresultsarepresentedin Figs.3–9.

In the I -V characteristicssimulations,we calculatedtheinfluenceof theshortchannel
on thethresholdvoltage.Resultsof simulationshow thatwhenthegate-sourcevoltageis
closerto thethresholdvoltage,thedraincurrentshavesmaller
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Fig. 3. I -V characteristicsof GaAsMESFET. Experimentalresultsfrom Ref.6 aremarked
by circles.Deviceparametersare:a b 0 c 12µm d Z b 100µm d ND b 1 c 0 e 1017cmf 3 d L b
2 c 0 µm.

Fig. 4. Thecalculatedelectricfield.

valuesbecausetheactive channelbecomesnarrower. For thehigh-fieldregion,maximum
field at thesurfaceis on thedrainsideof thegateelectrode.In thechannel,themaximum
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valueis betweenthesetwo electrodes.Theelectricfield de-

Fig. 5. Thecalculatedelectronconcentrationof GaAsMESFETdevice.

Fig. 6. The calculated I -V characteristicof GaAs MESFET device for different
gate lengths. Simulation parametersare: a g 0 h 2 µm i Z g 100 µm i ND g 1 h 0 j
1017 cmk 3 i VGS g 0 V. Gatelengthsare: 0 h 3 µm i 0 h 5 µm i 0 h 7 µm i 1 h 25 µm i 1 h 5 µm,
1 h 75µm and2 h 0 µm.
caysveryquickly from thegateelectrode.I -V characteristicsfor thedifferentgatelengths
show thatthedifferencesbecomesmallerfor thegreatergate-lengthvaluesandarenot like
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thosein classicalrelations.For smallergatelengthsthedifferencesarebigger.

Fig. 7. Thecalculatedelectricfield. Transversalfieldsareshown by ”- - ”. Device param-
etersare:a l 0 m 2 µm n LG l 1 µm n ND l 1 m 0 o 1017 cmp 3.

Fig. 8. Simulatedresultsfor breakdownvoltagesasafunctionof activechanneldepthwith
dopingconcentrationasa parameter. Experimentalresultsafter Ref. 1 aremarked with
circles.

Simulatedresultsfor thebreakdown voltagesareshown in Figs.7–9.Figure8 shows
agoodagreementwith theexperimentalresults.The breakdownvoltagesdependmuchon
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thetechnologicalandgeometricalparameters,likedopingconcentrationandactivechannel
thickness.Theinfluenceof theelectricfield strengthis greaternearthesurface.Sowith a
greaterchannelthickness,thebreakdownvoltagesbecomeconstant,becauseelectricfields
atgreaterdistancesarenegligible in comparisonwith thevaluesnearthesurface.

Fig. 9. Thebreakdown voltageasa functionof the densityof surfacestates.Device pa-
rametersare:a q 0 r 2 µm s LG q 1 µm s ND q 1 r 0 t 1017 cmu 3.

Therelationsamongthebreakdownvoltagesarenotproportionalto thedopingconcen-
trationaccordingto therelations(8–10).Wecanseethattheelectricfieldsattainmaximum
valuesneartheedgeof gateelectrodeandtheaimof designersis to havethesefieldssmall
[11–13].Theinfluenceof thesurfacestatesis not negligible (Fig. 9) andis in accordance
with theresultsof Ref.10.Theresultscanalsobeusedandfor theoverlapping-gatestruc-
ture[12].

4. Conclusion

We presentedan analyticalmodelof GaAsMESFET. Themodelis suitablefor sim-
ulationsbecauseall parametersfor the analysisaredescribedby analyticalexpressions.
This simplifiestheanalysisandallows predictingof thedevice behaviour andadjustment
of technologicalparametersto thedeviceprojectdemands,thusdecreasingthecostsof de-
signingof new devices.Theparametersincorporatedin theserialresistancemodelsdeliver
resultsin agreementwith SPICEmodelsthatthenew simulatorscommonlyuse.

In themodelfor I -V characteristic,wesolvedanalyticallythetwo-dimensionalPoisson
equationthat allows the analysisof electric fields inside the channeland predictionof
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the device behaviour in the casesof high voltageand/orhigh fields, which is of great
importancein thedesignof new andfor modifying theexistingdevices.
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IZMIJENJENIDVODIMENZIJSKI ANALITI ČKI MODELI, STRUJNO-NAPONSKE
KARAKTERISTIKE I NAPONPROBOJA PLANARNOGGaAsMESFETA

Predstavljamo analitǐcko modeliranjeplanarnogGaAs MESFETa i odred–ivanjestrujno-
naponskekarakteristike i probojnognaponau uvjetimainverznepolarizacijevrata-odvod.
Pomócudvodimenzijskihanalitǐckih rješenjamoguseizračunatiraspodjelapolja,koncen-
tracijenositeljanabojai raspodjelanjihovih brzina.Dobiveni računskirezultatiprikazuju
seu dijagramimai uspored–uju sdostupnimeksperimentalnimrezultatima.
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