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Multilayer model for Hall effect data analysis of semiconductor structures
with step-changed conductivity
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We present a multilayer model for analysis of Hall effect data of semiconductor structures composed of
sublayers with different thicknesses and contacts placed on the top surface. Based on the circuit theory we
analyze the contributions of the conductivity of every sublayer and derive general expressions for the conduc-
tivity and carrier mobility of a multilayer planar sample. The circuit analysis is performed taking into account
the fact that the sample sublayers are partially connected in parallel to each other by series resistances formed
in areas lying below the contacts from each upper layer. In order to solve the inverse problem of determining
the electrical parameters of one of the sublayers, a procedure for analysis of the Hall effect data is proposed.
The model is simplified for a structure composed of two layers with the same type of conductivity, and is used
to determine the electrical parameters of GaN films grown on relatively thick GaN buffers.
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[. INTRODUCTION at the side of the sample just to the perfectly conducting
contacts*® The layers in such structures are called com-
Hall effect and conductivity analysis is a widely used pletely connected in parallel. The effect of the carrier transfer
method for quantitative evaluation of electrical parameterdetween the layers becomes important at high magnetic
(carrier concentratiom and mobility ») of semiconductor fields and/or in" heterostructures with high-mobility two-
materials. Being a method that gives average values of thdimensional electron gas at the heterointerfamed cannot
parameters for the studied samples, the main assumption ¢ neglected, however, at low magnetic fields typically used
homogeneity of the electrical properties. However, in real” Hall effect measurements, the_dlstlnctlon between two-
semiconductors, inhomogeneities in the physical propertie2nd and two-layer models is not importdrit.

are often observed. Particularly, epitaxial layers often expe- The t\_/vo-layer approximation ba;ed on the two-béirel,
; vao—carneb conductivity interpretation was used for model-

Ing a parallel conduction path in some specific GaAs/

mobility, either near the surface or at thg s'ulbstratellay_er INAIGaAs heterostructur and in GalnAs/AlNAs hetero-
terface. In order to resolve these peculiarities a multilayer

ati b d for st h f the electri sfructures under hydrostatic presduand was found to
approximation can be used lor step changes of the elec rIC%rovide a good description of the observed peculiarities. In

parameters. The simplest approximation, namely, the WOt g the parallel conduction between the interface channel
!ayer model,_ _per_m|ts to derive the bulIg electrl_cal conductlv-and the undepleted AlGaAs layer in a two-terminal sample
ity and mobility in the presence of an interfacial region. \yith top surface contacts was analyzed using an equivalent
The two-layer model was firstly suggested by Petrit@  circyit with three additional resistances: contact resistance to
a semiconductor sample consisting of a bulk regwith a  the AlGaAs layer, interlayer resistance and resistance be-
thicknessdy) and a thin near-surface regionith a thickness  tween the interface channel and the contact. In four-terminal
ds, whereds<dp). The model was used to determine the samples for Hall effect measureméehtke influence of the
mobility and electron concentration of the near-surface spaceesistances between the layers and the contacts was elimi-
charge region in a planar sample configurafilange surface nated and the electric field in the two layers was assumed to
area and small thickness'he equivalent circuit used in Ref. be the same. The two-layer model for a direct problem analy-
1 was relevant for the sample with laterally placed contactsis of Hall effect data of GaAs modulation doped field-effect
and a magnetic field perpendicular to the large surface aremansistors was developed by Lodk It was shown that in
of the sample. Clearly, when the near-surface layer is vergome cases of specific defect level distribution the two-layer
thin, the lateral and top surface placed contacts lead to thapproximation was sufficient for determination of two-
same measurement results. Also, the two regions of thdimensional electron gas concentration and mobility, but it
sample were considered as interfacially isolated by eaclwas pointed out that difference between two-band and two-
other, assuming negligible carrier redistribution between théayer problems should be considered in the general case.
regions, since it is supposed that the surface conductivity Recently, the two-layer model was used for analysis of
contribution is very small compared to the bulk conductivity. GaN layers heteroepitaxially grown on sapphire with a
In principal, the electric conduction of a multilayer structure highly defective substrate/layer interface region, found to
with lateral contacts and interfacially isolated layers can béhave degenerate electrical behavior> The model was ap-
treated in a similar way as that in a multicarrier homoge-plied to samples with contacts placed on the top surface and
neous sample if the electric charge can flow between layeri$s validity was ensured since the interface sublayer is ex-
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tremely thin(200-nm thicknegsand the contribution of the
interface region conductivity to the bulk conductivity is -
rather small. The top surface positions of the contacts in such /47?7 g

_Aok1
P 0 d

a case are not expected to affect the calculated results, al- — Eamgffgt——mi ;
though the original modélassumes laterally connected re- L
gions of the sample. However, in some cases, for instance in e L:
Si-doped metalorganic chemical vapor depositd®©CVD) / S y
GaN layerst* the two-layer analysis of the transport proper- (a)

ties could not explain the temperature behavior of the elec- — —

trical parameters because of the fact that the standard two- — |

band interpretation was a considerable oversimplification of %nﬂ ___& r,,,/2]$

the real situation and requires a consideration of impurity $r2 R n23

band conductivity contribution. Additionally, in semiconduc- ér/z ,/Zé

tor samples composed of sublayers with comparable thick-

nesses, particularly in homoepitaxial layers grown on rela- I’/Z = r/j

tively thick buffers, the contribution of the underlying —Ix (b)
sublayer to the whole sample conductivity may be signifi-

cantly higher. A similar situation also exists in unipolar struc- R

tures like vertican ™ n structures for Schottky barrier device Y

applications. These cases do not fall into the framework of —
validity of the two-layer model.

In this work, we present a multilayer model for analysis 1244, R, /244,

. —— T —W—

of Hall effect data of samples with top surface contacts and
different thicknesses of the sublayers. For this, a detailed T — R
balance of the contribution of each sublayer to the whole . . . .
sample conductivity and Hall mobility has been considered, fFIG' 1. (@) Schematic ?rawm_g of a;nultllal)llerﬁstructure with top
A circuit analysis is performed considering the fact that in>uriace contacts. Equivalent circuits for Hall effect measurements
th I h bl all ted i of real series typéb) and transformed parallel tyge). The circuits

€ general case the sublayers are parually Connected N Pfroqent the part for the applied voltage contacts. The various param-
allel to each other by series resistances formed in areas lyi : :

. ers are defined in the text.

below the contacts from each upper layer. Correction factors,

which reduce the contribution of the underlying layers to thea two-layer structure, i.e., we estimate the electrical param-
measured total sample conductivity, are obtained from theters of the upper sublayer of interest, knowing the param-
equations relevant to the equivalent circuit. In order to solveeters of the entire structure and of the underlying sublayer.
the inverse problem of determining the electrical parametergxperimental results and analytical estimation of correction
of one of the sublayers, a procedure for analysis of the Halfactors and electrical parameters of the sublayers are pre-
effect data is proposed. sented in Sec. IV, analyzing different approximations of the
The model was then simplified for a two-layer structuresuggested model. In Sec. V the main conclusions of the pa-
and applied for calculation of the electron concentration anger are summarized.
mobility of thick GaN layers grown by hydride vapor phase
epitaxy (HVPE) on sapphire with MOCVD-GaN templates. Il. MULTILAYER MODEL
The electrical parameters of the templates have been inde-
pendently measured. Different experimental situations were We assume that thefold multilayer planar sample ana-
chosen to provide a quantitative comparison with the theoryyzed here is oriented in they plane. Both bar-shaped and
and to demonstrate specific approximations of the develope¥gn der Pauw configuration samples will be considered. The
model. The treatment we suggest is more general and can etal thickness of the sample t=Zx;d;, whered; is the
regarded as an extension of the analysis based on the cotfickness of theth layer, and all the layers comprising the
ventional two-layer model. sample structure are parallel to the plane[Fig. 1(a)]. The
The paper is organized as follows. In Sec. Il we deriveapplied electric field is parallel to the axis (E,) and the
general expressions for the conductivity and carrier mobilityapplied magnetic field is longitudinal to theaxis (B,).
in multilayer planar samples in the presence of a longitudinallhus, the electric field&,) induced by Hall effect, is normal
electric field and a magnetic field applied perpendicular tdo E, and parallel to the/ axis. We also neglect the carrier
the surface area. Section Il A presents the general case tgdistribution between the layers assuming that the layers are
partially connected layers with surface placed contactsinterfacially isolated from each other and connected by both
Based on the circuit theory we analyze the contribution ofcurrent and Hall voltage contacts in parallel. The total
the conductivity and mobility of the sublayers to the mea-sample currenit, due to the applied electric fiel, is a sum
sured electrical parameters of the whole sample and derivef the partial currents of everith layer:
correction factors. Section II B is limited to the case of com-
pletely connected layers with laterally placed contacts. In =1, 1)
Sec. Ill we solve the inverse problem in a particular case of o

1/2 +4, R r/2+4, (c)
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and the sum of the partial currents in tiedirectionly;, and(2)] via measurable parameters. Taking into account that
giving the total current, , is zero® the dimension$ andb do not vary in the different sublayers,
we obtain the following general equations for Hall effect
data analysis:

y l

|y=§i‘, l,,=0. 2
a*dziE U, od; 7
We point out that in Hall effect measurements the real u,9q e
conductivity and mobility cannot be measured directly. In-
deed we measure either the ratio between the current and the . 1
applied voltage for calculation of the conductivity or the ra- prord=gg Z Uy iUy imioid;. (8)
tio between the open circuit Hall effect voltage and the ap- Y
plied voltage(and divide by the magnetic inductid,) for We note that Eqs(7) and (8) are generally valid for any

the mobility calculation. Afterwards, we transform the mea-jiilayer semiconductor system upon the following as-
sured ratios into conductivity and mobility units. Thus, for symptions:(i) uniaxial inhomogeneity with a step change of
theith layer the following relations are obtained: the conductivity andii) negligible carrier redistribution be-
tween the sublayers of the system. In the next sections we

i _Eg_d_, 3) use Egs.(7) and (8) for analysis of Hall effect data for

Ug 1M samples with different contact configurations and discuss the
applicability of the suggested model for the inverse problem

Uy, _9 @) solution.

U,B, 1M

Here b and | are the width and length of the bar sample, A. Partially connected layers with top surface contacts

respectively. For nearly square sample the vdillleis close We consider a multilayer sample with contacts placed on

to unity. In case of van der Pauw configuration, the raifio  the top surfacdFig. 1(a@)]. This consideration is especially

is determined numerically from the electrical non-symmetryimportant when any of the thicknesses of the sublayers can-

of the sample by van der Pauw functibtin Egs.(3) and(4)  not be neglected and the area of the contésitss signifi-

U, is the applied voltage to thi¢h layer of the samplé), ; cantly smaller than the total area of the sample.

is the voltage induced iith layer by the Hall effecty; is the The equivalent circuit of a multilayer system for the part

conductivity andu; is the low magnetic field Hall mobility related to the applied voltagé, is shown in Fig. 1b). The

of theith layer. The potential drop valués, ; andU, ; cor- longitudinal resistances of théh layer along the direction,

respond to the electric field components, (=U, /I, E,;  i.e., sample dimensioh are R (labeledR; in the figure.

=U,;/b). It is seen that the partial currehy; in theith ~ The corresponding transvergalong they direction, i.e.,

sublayer of the sample is proportional to both the appliedsample dimensiorb) resistances in the part related to the

voltageU, ; and the sheet conductivity;d; . Hall effect induced voltag®l, , (not shown in the figuneare
Further in order to solve the inverse problem, i.e., to esR’. Their values are given by the definition of bulk resis-

timate the electrical parameters of one or more of the subtance

layers of interest knowing the parameters of the entire struc-

ture and of the other sublayers, we have to express the sheet Rx—i i Ry—i b

conductivity and mobility of the whole sample via measured "o bd’ T oy ldy”

ratios by analogy with Eqg3) and (4):

C)

In such a case, hereafter called case of partially connected

Iy b layers, everyth layer of the sample is not directly connected
U_x= T d, (5 to the contacts, in fact it is connected in parallel to the other
sublayers through series resistancg$wherer;=(1/o; 1)
U, b . ><(2di+1/s)]X in the circuit _of the appli_ed voltage. The series
Usz: TR (6) resistances; are formed in areas lying below the contacts

from each upper layer since the ratip/o; is not always
We use an effective sheet conductivity(d) and Hall mo-  negligible. Indeed, when the contacts are placed on the top
bility (w*) of the whole sample, which correspond to thesurface, the bulk resistances connecting every underlying
measured voltaged,, U, and the current,, since the val- layer will include a contribution of the resistances of all up-
ues of the real sheet conductivity and Hall mobility might per layers[labeledA,,...,A;_, in Fig. 1(c)]. The series re-
differ. Here, the potential drop valuds, and U, are also sistances connecting the top layer to the contacts will be
used, instead of the corresponding electric field componentgqual to zero. The situation corresponds to a series type of
(Ex=U\/l, E,=U,/b). equivalent circuit for the resistances. Based on the circuit
Further, replacing Eq¥3)—(6) into Egs.(1) and (2) we  theory such a series type equivalent circuit can be trans-
express the effective sheet conductivity and mobility of theformed into a parallel type equivalent circliig. 1(c)]. Fur-
entire samplgleft-hand sides in Eqs1l) and (2)] and the ther on we will use the parallel equivalent circuit which is
corresponding sum of alllayers[right-hand sides in Eq$1) more convenient for analytical calculations. In the figurg,
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denotes the whole series resistance ofithesublayer, which

is actually distributed in two nearly equal parts below the
two current contacts. The same consideration can be made
for the series resistance} for the respective circuit related

to the two Hall voltage contaci®ot shown.

We note that the four-point configuration used in Hall
effect and conductivity measurements eliminates the influ-
ence of the contact resistances, since the voltages determined
by Hall effect and conductivity are measured on a contact

pair, which is separated from the pair of current contacts. —R
When the contacts are placed on the top surface, the contact —
resistances are the same for all the sublayers, and we do not S
account for them in the equivalent circuits shown in Fig. 1.
Using circuit analysis, we obtain the following expres- —
sions for the voltagebl, ; applied to evenjith sublayer — ®)
R |
|
Uyi= X—Ri‘+rix’ (10 R
and for the voltages induced by Hall effect in every sublayer —
RY R,
U, =Uy=——- (12) —
ViTPyRy LY
R+ —t ©

Substitutin_g the values df; and va‘.deriVEd bY Egs. FIG. 2. (8 Schematic drawing of a multilayer structure with
(10) and(11) into Eqs.(_?) _and(8) V\_’e obtain expre;smns for lateral contacts an¢b), (c) equivalent circuits for Hall effect mea-
Hall effect data analysis in a multilayer system with partially \,r,ements.

connected sublayers

R mobility of the sublayers of interest. In some cases when the

U*dZE oidi=—=, (12 underlying sublayer has high enough conductivity and is
i RX+4rX . : . . . I
: i relatively thick, even an artifact of its negative contribution
to the total sample conductivity can be observed. The only
way to circumvent this problem is to use Edg) and (8)

(13 ) :

accounting for the suggested correction factgrandt; .

The values ot} andt! cannot be calculated precisely in
reality but their influence can be, in principle, accounted for
)f)y iteration procedures. Since in the van der Pauw configu-

* o d 2 d Rix Riy
pmoomad= : MiO 'WW
Equations(12) and (13) show that for structures with top

surface contacts the current distribution between the subla

ers depends on both the sheet conductitatyd consequently . . . . :
on the mobility of theith sublayer and on the series resis- rjmc;n the [(a~t|05)/I IS WP'C""”V close FO ur_1|ty we assunie
tances connecting the layers in parallel. ~RY andr{=r/. Thus in order to simplify our further cal-

The terms in Eqs(10) and (11) determined by the ratios culations we use equal correction factors for both applied

of the respective resistances voltage and Hall effect induced voltage for eaith layer,
t'=t’=t;. In the case of bar-shaped sample the tgrnep-
R’ RY resents the mean value of the correction factgrandty,

X y

TR VTR I Gl

actually reduce the contribution of thh layer to the mea- _
sured sheet conductivity and mobility of the whole sample. ~ B. Completely connected layers with lateral contacts
As one can see, these factors are either lower than unity or Now we consider a multilayer sample with laterally

equal to unity when the series resistancandry can be  placed contactfFigs. 2a), and 2b)]. This case is realized if

ignored, and they can be considered as correction fad{ors, every sublayer of the structure is directly connected in par-

for the applied voltaget), ;, andt} for the Hall effect in-  allel to the contacts independently of the other sublayers.

duced voltages) ; for eachith sublayer. Hereafter we call this the case of completely connected lay-
Analyzing Egs.(11) and(12) it is clear that in the inverse ers.

problem solution, if the values of the sheet conductivity and The equivalent circuit of such a system for the part con-

mobility of theith layer are used without being corrected by cerning the applied voltagd, is shown in Fig. 2c). This

the termst] andt!, then their contribution to the measured circuit is not too different from the equivalent circuit shown

total sample conductivity and mobility might be overesti-in Fig. 1(c), in fact it can be obtained from the previous

mated. This will result in an underestimated conductivity andcircuit assuming that the series resistances are neglegted,
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=r/=0. Itis clear that the voltaged, ; applied to everyth
layer in thex direction are similar and equal to the voltage
drop U, supplied to the whole sample

U,i=U,. (15
Such an identity is also valid for the Hall effect induced
voltagesU, ; andU,:

Uyi=Uy. (16)

Using Egs.(15) and(16), we express the real sheet con-
ductivity and mobility of the whole sample via the param-
eters of the sublayers as follows:

O'dzz O'idi, (17)
1
10pm sapphire
/.LO'd:E ,LLiO'idi . (18)
! (c)
Equations(17) and (18) reflect the fact that in the case of ’ ¥
completely connected layers the distribution of partial cur- i 2 HVPE-(}N
rentsl,; in everyith layer[see Eqs(1) and (2)] is deter- o

mined only by the partial sheet conductivityd; and mobil-
ity w; of the same layer. This situation is realistic because the
applied electric fields, , as well as that induced by the Hall
electric fieldE,, do not vary in the different layers and they
can be derived as a constant in front of EG8.and(8) and
thus instead of currents, the current densities can be used.
It is worth nothing that Eqs(16) and (17) derived for a FIG. 3. (a) Equivalent circuit for Hall effect measurements for a
multilayer system with completely connected sublayers cotwo-layer structure. Panchromatic CL images of cross sections of
incide with the expressions for multicarrier transpGrt, two two-layer structures witlb) strong emission contrast indicat-
which are obtained by summarizing the longitudif@drallel  ing a significant difference in their carrier concentrations éryd
to the applied electric fiel&,) net conductivity tensor com- with similar emission intensity indicating comparable carrier con-
ponentso,y i, as well as, transverg@ormal toE,) compo-  centrations of the sublayers.
nentso,, i, contributed by eactth carrier. The fundamental , .
equations for multicarrier transport are based on the fact thaiould be transformed to a partially connected type similar to
the partial currents contributed by altypes of carriers take that discussed in the previous section with the only differ-

place in the entire volume of the sample, which is commorf"ce that here in the equivalent circuit, we should consider
for all carriers. In this case the electric field components foCONtact resistances instead of the bulk resistaf@eshown

everyith type of carriers are similar and equal to the voltagel” F19- 1(©)]
drop supplied to the whole samplg, divided byl, or to the
Hall effect induced voltageJ,, divided byb, respectively. !l PARTIALLY CONNECTED TWO-LAYER STRUCTURE

Therefore, one always summarizes only the partial current
densities. In this section we consider a two-layer structure with top
In spite of the fact that in the multilayer system the partialsurface contacts aiming to simplify the above discussed
currents in the different layers are spatially separated, if thénodel for the inverse problem solution, hereafter called ex-
voltages applied to each sublayer are the séane, respec- tended two-layer model. For this reason we rewrite E48)
tively, the voltages induced by Hall effect are also eguae ~ and(13) taking into account the correction factors
obtain that the electric fields in all sublayers are equal. Thus,
the equations for multicarrier electron transport can be ap-
plied to the multilayer system if Eq$15) and (16) are sat-
isfied, i.e., any difference between the valuet)gf or Uy ;,
respectively, can be ignored. This is valid if the lateral con-For simplicity we define that the first layer is underlying and
tacts connecting everith layer in parallel are of low or the contacts are placed on the second layer. In this case we
equal contact resistance. If the contact resistances of one ofin neglect the series resistance connecting the upper layer,
the sublayers are higher than those of the rest sublayers, this=1 [Fig. 3(@)] and obtain a case of partially connected
layer cannot be treated as completely connected anymoranderlying layer. We consider also that the parameters of the
Actually, it becomes partially connected and the circuitunderlying layer have been independently measured, which

I MOCVD-GaN
| 4

10um sapphire

O'*dzo'ldltl+0'2d2t2, (19)

,LL* (T*d=,u,1(71dlt%+ ,LLz(Tzdztg. (20)
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is chronologically possible. An example of the inverse prob-for the correction factot,. The latter is possible for some
lem for the two-layer structure is calculation of the param-particular casessee Sec. IV R

eters of the next upper layer from the measured effective
conductivity and moplllty of the whole sample. From Egs. IV, EXPERIMENTAL RESULTS AND DISCUSSION
(19) and (20) we obtain

A. Experimental details
d,=c*d—o,d;t 21 . .
B @D We studied GaN structures grown oplane sapphire. In

22) order to improve the crystal quality of the thick HVPE
grown GaN we used MOCVD-GaN templat€s® The first
In this simple case the correction factgris given by the layers of the structures were grown in a planetary type

2
H2020y=p* o*d— pqogdyty.

expressionassumingp/|~1) MOCVD reactor in the Aixtron application laboratory at
high growth temperature of about 1170°C. Two types of
) 1 23 MOCVD templates with thicknesses in the range of 2—-2.5

1

um, intentionally doped with Si with a free carrier concen-
tration in the range of 8§ cm™2 and intentionally undoped
The values ot,, n,, andu, can be estimated from Egs. GaN layers with a free carrier concentration in the range of
(21)—(23) by a single-step numerical iteration. We first esti- 10" cm~2 were used. The second GaN layers of the struc-
mate the uncorrected value of the conductivity of the uppetures were grown in a conventional horizontal type HVPE
layer o3 from Eq. (21), initially assumingt; = 1. This value ~ System at 1090°C. We have also analyzed layers grown
o5 can be substituted in E3) instead ofr, and we obtain  Without a buffer with highly defective interface columnar
a first order approximation df, . Afterwards, we replace this €gion previously found to be highly condu_cﬂhﬁl. The
value oft, in Egs.(21) and(22) and estimate the first order thicknesses of the HVPE-GaN layers were in the range of
approximation of the conductivity, and mobility u, of the 10-45um. )
layer of interest. Hall measurements were qarrled out at room temperature
We note that the use af2 for a zero-approximation cal- ©n Nearly square samples with alloyedt+i@a Ohmic con-
culation is not always possible. When the measured values dfcts using th_e van der Pauw method. We have measured
the sheet conductivity and mobility of the whole sample aresample§ consisting only of the MOCVD-GaN templates and
lower than the independently measured parameters of tHg€ €ntire structures after the HVPE growth of the second
underlying layer u* o* d< u,01d;, the iterative process ayers. All samples stuglled showtype conductivity. We__
cannot be applied and it is necessary to solve the system Sg!culate the concentration of free electrons and the r_nob|I|ty
Egs.(21) and (22) by numerical methods. using the extended two-layer model. Severgl expenmenta}l
Using Egs.(21) and (22) for a two-layer structure and sﬂugtlons were chosen to demonstrate the different approxi-
having in mind the relations between Hall mobility and mations of_ the presente_d_ _model. _The caIcuIated_free carrier
the sheet carrier concentratio” for the ith layer on one concentratlo_ns ar_1d mobilities for five representative samples
hand. and between the eﬁectilve conductivityd and the are summarized in Ta_ble l. Schottky contacts were deposited
B ) e by magnetron sputtering of Pt for independent measurement
effective sheet carrier concentratiar™™ for the whole o the carrier concentration by capacitance-voltage \()
sample on the other hand, technique.

"1+ (04 /0y)(2d,d,/S)

d
n"=nidi= o’ ™ =n*d= (24) B. Structures with dominating sheet conductivity
K K of the underlying layer
we obtain the following expressions for the electron concen-

. i ; As a representative sample for this case we consider
tration n, and mobility ., versus the correction factoy:

sample No. 1 consisting of a 24m-thick Si-doped

1 (u*n*d— pingdyty)? MOCVD-GaN template and undoped 21uBa-thick HVPE-

— (25) GaN layer. A panchromatic CL image of a cross section of
2 d * 2~k d 2 d 2 . . . .
2 pnTd— pingdity such a structure is shown in Fig(k3. The image reveals a
) ) strong emission contrast of the two layers related to different
prPn*d—uingdst doping level and also illustrates a step change of the conduc-

M2 (26) tivity. Hall effect measured values of electron concentration

and mobility of the template as well as of the entire structure

The system of Eq925) and (26) can be solved numeri- are listed in Table I. It is seen that the sheet conductivity of
cally by varying the parametey in the range of its physical the underlying layer is higher than that of the whole sample,
meaning between 0 and 1, and the dependencies of electror., o1d;>0*d, and also the following inequality is seen:
concentratiom, and mobility u, of the upper layer of inter- w,0:d;>u*o*d. In such a case, a numerical solution of
est on the correction facta; can be obtained for fixed val- Eqs.(25) and(26) by variation oft, is the only possible way
ues of the measured parametefsand w,, andn* andu*. to determine the parameters of the upper layer. In the range

We point out that the system of Eq®5) and(26) might  of varying the correction factor (@t;<1), the mobility u,
be solved analytically only if one more relation can be foundhas a maximum at a certain valwg [Fig. 4(a), curve

CopFntd—pgngdsty
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TABLE |. Electrical parameters measured directly by Hall effect measurements of both the templates and the whole structures, as well
as calculated electrical parameters of the second layer of interest for five GaN structures representing different experimental cases.

Directly Directly Calculated for the Calculated for the
measured measured second layer second layer
Sample template whole structure ~according to Eqs(25), (26)  according to Ref. 1
thicknesses Correction
Sample  d;/d, n, M1 n* u* factor n, Mo n, Mo
No. (um/pm)  (cem 3  (EmVs) (em3)  (cnPVs) ty (cm™9) (cm?IV' s) (cm™3  (cm?Vs)
1 2.5/21.5 1.3%10%® 286  2.4x10Y 217 0.45 1. 10" 265 <0 <0
1.8x 107 260
2 2/185  1.&10% 250  2.3x10Y 270 0.86 9K 10'6 365 6.2< 10'° 320
0.74 7.4x10'%® 3558
3 2.5/7.8 2x10Y 78  3.6x10Y 516 0.96 3.K10' 627 3x10' 629
Ref. 12  0.2/20 3.510% 55  1.7x10Y 633 0.98 1.x10Y 778 1.1x 107 781
4 4/40 2. 10*% 53  1.26x10'° 66 0.0 4.5x 10" 350 1.24<10%° 66

8According to graphs IFigs. 4a) and 4b)].
bAccording to single step iteration.

“Values measured by calibration procedures of RS and CL spectra.

dCorrection factor for the second partially connected layer

while the carrier concentration of the investigated lager

[see Fig. 4b)], should be ruled out in the variation procedure

decreases monotonically in the whole range with increase dfince the whole sample sheet conductivity becomes negative

the correction factot; [Fig. 4(b), curve 1. It is important to
clarify that the terms in the left-hand sides of E¢&1) and

and does not have a physical meaningd;t;>oc*d).
The existence of a maximufif such exist$ in the depen-

(22) could become negative at the highest values of the cordence of the mobilityx, on the correction factor ensures one
rection factor {;~1) due to the fact that the sheet conduc-more relation. Coming back to E(R6) we can equalize the
tivity of the underlying layer dominates over the whole derivative of u,(t;) to zero. This leads to the following
sample sheet conductivity. The range of the values, wherequation for the valug; :

the corrected electron concentration shows an increase

B
600 | e
> _ -
Z
§ 400}
: LT #2
'E\ LT .
£ 200f
2 -
! )
10%F . | | | |

Electron concentration (cm”)

0 02 04 06 08 1
Correction factor ¢,

FIG. 4. Dependencies of electron mobililg) and concentration
(b) on the correction factot, for sample Nos. 1, 2, and &s
indicated in Table)lillustrating different cases of application of the
suggested model.

pu*n*d
mangdy

1

(27)

~ n*d

nldl) l/T

Note that it is necessary to assum&d>n,d; in order to
obtain a real solution of the quadratic equation, but this is a
reasonable assumption since the whole sample sheet concen-
trationn*d is a sum of the partial sheet concentrations of the
sublayers. Equatiof27) actually gives us the needed addi-
tional expression for the correction factdr and ensures an
analytical solution of the inverse problem. Using the calcu-
lated valuet} =0.45 we are able to estimate the electron
concentratiom, and the mobilityu, of the upper layer from
Egs.(25) and(26). The obtained values are shown in Table I.
The analytically determined values af and w, coincide
with the values of the mobility estimated by variation proce-
dure [maximum mobility in Fig. 4a)] and the respective
electron concentratiorifor the samet;) from Fig. 4b)
within the accuracy of both estimations. The electron con-
centration (,=1.9x10" cm %) of the upper layer calcu-
lated according to the extended two-layer model is lower and
the mobility value f,=265cnt/Vs) is higher than the
measured whole sample effective concentration and mobility
(n*=2.4x10" cm3,u* =217 cnt/Vs). This result is rea-
sonable, having in mind that the overgrown layer is inten-
tionally undoped. In addition, independently perforn@d/
measurement of the upper layer of the structiwéh both
contacts placed on the top surfacgelds a value of the
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electron concentration of210' cm™ 3, which is very close ~ Well. This explains the unexpected high value of the com-
to the value determined by the extended two-layer model angiensation based on the directly measured results, which was
thus, confirms its relevance. in contradiction with the results obtained from luminescence
Here we note that the extended two-layer model, accountnvestigation of these samplé%?! This can be considered as
ing for the correction factor, is the only way to solve the an indication of a reliability of the suggested model.
inverse problem for the two-layer semiconductor structure We mention that in this case one can also use the pro-
with top surface placed contacts in the case of dominatingosed in Sec. Il iteration process to estimate the correction
sheet conductivity of the underlying layer. Since suCm  factort,. The single-step iteration gives comparable values
semiconductor structure is very realistic and common, they n, andu.,, (see Table)lwithin an accuracy of about 20%,
necessity of the model suggested here is clear. which is in a good agreement with analytically determined
It should be also mentioned that the above procedure alg|yes. This is a simple and effective approach to estimate

lows a treatment of a multilayer structure as well. For this Wethe electrical parameters of a two-layer structure, which can
proceed step by step assuming the whole structure as a quagk ,sed whemrd. < o* d and uyoqd; < u* o* d
two-layer structure, consisting of the lowést the top layer i 17 '

with independently known electrical parameters as the first

layer, and the rest layers all together as the second package
layer. Upon this assumption we calculate the parameters of
the package layer. After that, the package layer can be con-
sequently analyzed in a similar way as a quasi-two-layer Sample No. 3 presents a structure composed of a HVPE-
structure and using additional independently known param&aN layer grown on an intentionally undoped template. Fig-

eters of one of the sublayers, one can repeat the calculatiof€ 3C) shows a panchromatic CL image of a cross section
for the next layers, etc. of such a structure. The emission intensities of the two layers

do not differ essentially and correspond to comparable dop-

ing levels of the template and the overgrown layer. The Hall

C. Structures with lower and comparable sheet conductivity effect measured values of electron concentration of the
of the underlying layer template and of the entire structuigee Table) are compa-

A sample demonstrating this cagdo. 2, see Table)lis rable. Since the mobility of the template is much lower
also consisting of a 2#m-thick Si-doped MOCVD-GaN than the measured mobility of the entire structure® (
template and undoped 18:&n-thick HVPE-GaN layer. The =515 cnf/Vs andu,=78 cnf/V's, respectively, the sheet
measured sheet conductivity of the templatgl, is lower  conductivity of the template becomes negligibte,d,
than that of the whole sampte;d;<o*d*. In order to es- <o*d.
timate the electron concentratiop and mobility u, of the The plot of carrier mobility of the upper layer, shows a
upper layer we proceed in the same way as in Sec. [VB. monotonic increase while the electron concentration

The respective variation g&, andn, versus the correc- shows a decrease with increasing the correction fagtoin
tion factor t; calculated following Eqs(25) and (26) are  fact, u,(t;) obtains a degenerate maximum at the highest
shown in Figs. 4) and 4b), (curves 2. For this approxima- limit of the physical meaning of the correction factgr=1.
tion, the correction factadr, can be varied in the whole range The correction factot, calculated from Eq(27) is close to
between 0 and 1 since the required inequalityd,t;  unity, t7 =0.96.
<o*d is always satisfied independently @f. The two de- Another case of negligible sheet conductivity of the un-
pendencies exhibit the same character as those for the samplerlying sublayer is illustrated by analyzing a sample with
No. 1, although the maximum in the mobility dependence ishighly degenerated;>c¢*) and extremely thind,<<d) in-
shifted to higher value of the correction factqr. The esti- terface sublayer reported in Ref. 12. The measured param-
mated value of thé; according to Eq(27) gives a value of eters for this sample are also listed in Table I. It is seen that
0.86 and thus showing that the correction needed in this cagbere is a strong inequality of the sheet conductivities,
is smaller. o1d;<c*d. This allows us to neglect the series resistances

The electron concentratiam, and mobility i, of the up-  r} andr} [according to Eq(14)]. Thus, the underlying thin
per layer estimated from Eq$25) and (26) are shown in  sublayer could be considered completely connected to the
Table I. The values ofi, and u, estimated by the extended contacts. The equivalent circuit for this structure is similar to
two-layer model are compared to the values obtained by tthat shown in Fig. &).
the conventional two-layer modehlso listed in Table I. It is The calculated value df; according to the extended two-
seen that the suggested model gives higher values of bothyer model for these particular parameters appears to be
carrier concentration and mobility of the upper layer com-very close to unity {;=0.98), i.e., the correction factor here
pared to those estimated by the two-layer model. The differean be neglected. Thus, we obtain values for the mokility
ence in the mobility values is more essentigl, and carrier concentratiom, that are very close to the results
=365 cnf/V's compared tqu,=320 cn?/V's, while the dif-  obtained in Ref. 12 following the two-layer model. This is
ference in the electron concentration is rather snmgli 9 not surprising keeping in mind that the two-layer model is
X 10'® cm~2 according to the extended two-layer model ver-developed exactly for such boundary conditiériEhe good
susn,=6.2x 10'® cm 2 according to the two-layer model. agreement between the results obtained by both approaches
The latter leads to a change of the compensation ratio as indicative of their relevance. Note, that the two samples

D. Structures with negligible sheet conductivity
of the underlying layer
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layer is of lower conductivity since the spatial resolved CL

top surface edge (a) spectra taken in that region show a distinguished exciton
\ 4 character. We are aiming to estimate the electrical parameters
(n, and w,) of this region using the extended two-layer
HVPE model.
© GaN The underlying sublayer of such a structure should be

considered as completely connected directly to the surface
via a conducting column. The case where bypassing vertical
columns (rectangulars shown by dashed line®nnect the
underlying layer to the contacts is schematically shown in
Fig. 5(b). There are two possibilities for connecting the up-
per layer either through barrier resistances due to a depletion
region around the conducting column or through contact re-
sistances directly to the top surface contdctice a differ-
ence between the specific contact resistances connecting the
highly conductive column and the surrounding undoped
layer can exist. Both connectiofigig. 5(b)] lead to the same
conclusion that the upper sublayer can be considered as par-
tially connected, as shown in the equivalent circid¥ig.

5(c)].

Equations(19) and (20) written for this particular case
enable an estimation of the correction factor for the upper
layer t,. For the calculations we use the Hall effect mea-

(C) sured value ofn* =1.25x10'° cm™2 and u* =66 cnf/Vs
™ of the whole sample and also the carrier concentratipn
r/2 R, r/2 =2.7x 10 cm™ 3 of the underlying quasisublayer estimated
by calibration procedures of Raman spectra and CL spectra
R previously reported elsewhet&:2
The estimated value of the correction factor for this
sample at the abovementioned fixed parametérsu*, and

FIG. 5. (a) Panchromatic image of cross section of thick GaN N1 is about 0.1. This significant correction is expected since
film grown directly on sapphire showing a quasicontinuous colum-the series resistance connecting the upper layer might be sig-
nar interface layefconsidered as sublayey and a column protrud-  hificantly large. Using this correction factor we calculate the
ing to the top surfacelb) A schematic illustration of possible cur- electrical parametens, and ., which differ noticeably from
rent paths andc) equivalent circuit for a structure with bypassing the measured values for the whole structure. On the other
the underlying layer through conductive columfBashed rectan- hand, the Hall effect measured parameters of the whole
gulars present the columns structure are very close to that estimatby RS and CI. for

the underlying sublayer which can be explained considering

considered in this section are very different in a generafhe underlying sublayer as directipypassing connected to

sense but they appear in the same group and require the safhé contacts. Thus, this sublayer will dominate the meaSL_Jred
analytical treatment. electrical parameters of the whole sample and the contribu-

tion of the conductivity and mobility of the upper layer will
be underestimated.
E. Structures with bypassing conductivity It is worth nothing that the conventional two-layer model
of the underlying layer is nonapplicable to this case. If we directly apply the model

This specific case does not fall into the above discussellSing the measured parameters, the calculated véised
groups but it can be reasonably analyzed by the suggesteso in Table ) for the upper sublayer will almost coincide
model and is included here to show an additional applicatiovith the values of the underlying lay¢or to the measured
of the model. We consider a samyio. 4 in Table ) with a values of the whole structureHowever, this is inconsistent
relatively thick degenerate interface sublayer and additionWith the results obtained from all emission studies.
ally with non-regularly distributed columns found to have a
high conductivity. Some of them can protrude through the
entire structure and thus connect to the surface placed con-
tacts. Such a situation exists in HVPE-GaN epitaxial layers We have developed a multilayer model for analysis of
grown directly on sapphire and is described in detail in ourHall effect data of samples with top surface contacts and
earlier works:®>?*We consider this defective columnar inter- different thicknesses of the sublayers. For this, a detailed
face region as a quasicontinuous sublayer with a thickness dialance of the partial layer contribution to the whole sample
about 4um as can be seen in a panchromatic CL image irconductivity and Hall mobility is considered. Circuit analysis
cross section of the samp|€ig. 5a@)]. The rest part of the is performed accounting for the fact that the sample sublay-

[ columnar

V. CONCLUSIONS
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ers are considered as partially connected in parallel to eaabf a MOCVD-GaN template layer and HVPE-GaN layer,
other by series resistances formed in areas lying below thdeposited on a sapphire substrate. The electrical parameters
contacts from each upper layer. Correction factors, whictof the templates are independently measured. The electron
reduce the contribution of the underlying layers to the meaconcentration and mobility of the overgrown HVPE-GaN
sured whole sample conductivity, are obtained from thdayers are determined for different structures with different
equations relevant to the respective equivalent circuits. Aombinations of thicknesses and conductivities of the sublay-
procedure for analysis of the Hall effect data is proposed. ers and thus, specific approximations of the developed model
The model is applied for two-layer structures composedare demonstrated.

IR. L. Petritz, Phys. Rew10, 1254(1958. 12p. C. Look, and R. J. Molnar, Appl. Phys. Le®0, 3377(1997.
27. Dziuba, Phys. Status Solidi 253 445 (1996. Bw. Gotz, L. T. Romano, J. Walker, N. M. Johnson, and R. J.
3Z.-M. Li, S. P. McAlister, and C. M. Hurd, J. Appl. Phy§s, Molnar, Appl. Phys. Lett72, 1214(1998.
1500(1989. 14C. Mavroidis, J. J. Harris, R. B. Jackman, I. Harison, B. J. Ansell,
4E. F. Schubert, K. Ploog, H. Dambkes, and K. Heime, Appl. Phys. 7. Bougriousa, and I. Moerman, J. Appl. Phg4, 9835(2002.
] A: Solids Surf.33, 63 (1984. ~ '3L.J. van der Pauw, Philips Res. R&8, 1 (1958.
S. E. Schacham, R. A. Mena, E. J. Haugland, and S. A. Alterovitzisj s kim, D. G. Seiler, and W. F. Tseng, J. Appl. P§3.8324
Appl. Phys. Lett.62, 1283(1993. (1993.

6C. M. Hurd, S. P. McAlister, W. R. McKinnon, B. R. Stewart, D.

: : 17T, paskova, S. Tungasmita, E. Valcheva, E. B. Svedberg, B. Ar-
J. Day, P. Mandeville, and A. J. SpringThorpe, J. Appl. PBs.

naudov, S. Evtimova, P. A. Persson, A. Henry, R. Beccard, M.

7M47J06K(i228N Apsley, D. A. Anderson, L. L. Taylor, and T. Kerr Heuken, and B. Monemar, MRS Internet J. Nitride Semicond.
J. Phys. C18, 5629(1985. " Res.5S1, W.3.14(2000.

8G. Gregoris, J. Beerens, S. Ben Amor, L. Dmowski, J. C. Portal, El.DVaIchevaé, Tl\'/l Pgsngva, RM. ‘\3/' Abr?hlav’ : Pll< Pasko(\j/, BPl l\(/)l A
D. L. Sivco, and A. Y. Cho, J. Phys. 20, 425 (1987. ersson, £. M. -oldys, R. beccard, M. Heuken, and b. on-

°D. C. Look, Electrical Characterization of GaAs Materials and emar, J. Appl. Phys90, 6011(200D.

Devices(Wiley, New York, 1989, 19E. M. Goldys, T. Paskova, I. G. Ivanov, B. Arnaudov, and B.
19D, C. Look, C. E. Stutz, and C. A. Bozada, J. Appl. PHj&.311 Monemar, Appl. Phys. Let73, 3583(1998. :

(1993. 20B, Arnaudov, T. Paskova, E. M. Goldys, R. Yakimova, Evti-
YW, Gotz, J. Walker, L. T. Romano, N. M. Johnson, and R. J. Mova, |. G. Ivanov, A. Henry, and B. Monemar, J. Appl. Phys.

Molnar, inlll-V Nitrides, Mater. Res. Soc. Symp. Proc. Nt9, 85, 7888(1999.

edited by F. A. Poncet al. (Materials Research Society, War- >'B. Arnaudov, T. Paskova, E. M. Goldys, S. Evtimova, and B.

rendate, PA, 1997p. 525. Monemar, Phys. Rev. B4, 045213(2001).

045314-10



