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Abstract：The doping behavior of Si in A1GaAs with AlAs mole fraction from 0 to 1 was reported．Si-doped A1 GaI- As lay- 

ers were grown by gas source molecular beam epitaxy with a constant Si cell temperature for all sam ples．The electrical 

properties and composition ofthe ternary alloys were characterized by Hall effect and X—ray diffraction，respectively．Re- 

suits show that the electron concentration of Si-doped A1 Gal
一  

As varying with A1 mole fraction has a minimum value at X 

0．38，which is the F—X direct-indirect band crossover of A1GaAs system．Th e Hall mobility decreases with the increasing of 

ALAs mole fraction tm about X：0．4．hereafter it remains at a low value ofmobility th small change rate． 
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气态源分子束外延 A Ga1一 As( =0—1)材料中 

Si的掺杂行为研究 

李 华 ， 李爱珍 ， 张永刚 ， 齐 鸣 
(1．中国科学院上海微系统与信息技术研究所，信息功能材料国家重点实验室，上海 200050； 

．2．华东师范大学信息学院，上海 200062) 

摘要：研究了sj在Al Ga。一 As(O≤ ≤1)中的掺杂行为．为比较 组份对si掺杂浓度的影响，在用气态源分子束外 

延生长(GSMBE)掺 Si n型 Ga。一 As(0≤ ≤1)的所有样 品时，n型掺杂剂 Si炉的温度恒定不变．用 Hall效应测 

量外延层的自由载流子浓度和迁移率，用x射线双晶衍射迫摆曲线测量外延层的组份．测试结果表明，当A1 Ga。一 

As中A1组份从0增至0．38时，Si的掺杂浓度从4×10 cmI3降至7．8×10 cm一。电子迁移率从 1900 cm ／Vs降 

至 100 cm ／Vs．这与AI,Ga。一 As材料的厂- 直接一间接带隙的转换点十分吻合．在 Ga。． As全组份范田内，自 

由载流子浓度随Al组份从0至1呈 “V”形变化，在X：0．38处呈最低点．在X>0．4之后， 。Ga。一 As的电子迁 

移随 Al组分的增加，一直维持较低值且波动幅度很小． 

关 键 词：气态源分子束外延；A1GaAs；Si掺杂；电学性质；组分 

Introduction 

A1GaAs is the most studied and the most widely 

used 111-V semiconductor．Binary GaAs and AlAs are 

almost lattice matched， SO A1GaAs ternary alloy is 

quite suitable for epitaxial growth on GaAs substrate 

an d is widely used in optoelectronic an d hi gh-speed e- 

lectronic devices．Applications require hish quali~ n- 
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type A1GaAs，which can be obtained by doping with 

group IV elements Si，Sn or group VI ones Se．Te．A． 

mong them ，Si acts as a nearly ideal n-type dopant for 

MBE grown A1GaAs materials．An abnormal donor do— 

ping variation with AI composition has been observed in 

various n-type dopants for AIGaAs grown  by different 

growth techniques such as solid source MBE
， MOCVD 

an d LPE．Ishibashi et al [ ， ]observed thaIthe carrier 

concentration in Si．doped AIGaAs decreased and 

reached a minimum value at x=0．34．simultan eously 

the donor ionization energy ED increased abruptly to a 

maximum value of 150meV at =0．36【 
． He also re． 

ported that the ionization energy reached a maximum 

value at ：0．37 in the composition region 0≤ ≤ 0
． 

5[2。
．

Chand et a1．[ J repo rted that a shallow donor lev
．  

el(≤15meV)tied to the F band and a deep donor 

level tied to the L ban d was dominant for >0．2
． and 

reached the peak at 160meV for ～0．4．The abnor— 

mal variation was also observed in Te．doped A1GaA 

and interpreted by Lang et a1．[42 with so．called DX 

centers，which were also investigated in Sn．doped AI． 

GaAs．[ Watanabe et a1
．

[6I7]su龋 ested that the ab． 

norm al donor ionization energy obtmned from Hall 

measurement was mainly due to the change in the con— 

centration ratio of shallow donor centers and DX cen— 

ters．Th ere have been detailed investigations on Si． 

doped A1GaAs both theoretically and experimentally
， 

however， all studies were based on tetrameric As
d 

source or solid dimeric As2 source， and have never 

been demonstrated on gas source toolecular beam epi． 

taxy(GSMBE)systems with cracked arsine source．As 

well know that Aluminium is a very active element
． 

therefore，very easier to react with oxygen to form  an 

Al O layer on the surface．Comparison of GSMBE and 

SSMBE，first，GSMBE could provide a hydrogen re— 

duction ambient during cracking arsine 

press Al 0
y 
layer 

(AsH3)to sup· 

second，the deep level impurity in 

Al G 1
一  
As are depended on the As species

．
the deep 

level impurity in A1GaAs growing from As2 source is 

much less than growing from As4．GSMBE uses arsine 

as a group V soul'ce，while AsH3 cracking at hish tern． 

perature，the AsH3 will be entirely cracked into As， 

(>99)．GSMBE has advantages[ ’ ．in particularly 

for A1·based compounds， 

In this paper，we report a detailed study on the 

doping behavior of A1 Ga1
一  As grown by GSMBE，par- 

ticularly concen~ating on the electrical properties of Si— 

doped A1 Ca1
一  
As layers covering the entire composi— 

tion range( =O to 1)． 

1 Experimental procedure 

The MBE system employed in this study was a 

V80H gas source MBE system．6N AsH3，6N A1 an d 

6N Ga were used as the source of group V and group 

11I，respectively．A therm o．cell with a two zone heater 

was used as gallium cell to impede gallium droplet 

form ing，which can reduce the oval defects efficiently
． 

In every experiment， a quarter of 2-inch Epi—ready 

(100)一oriented un—doped semi—insulating GaAs sub— 

strate was mounted on a molybdenum ring holder with a 

qu arter of 2-inch hollow Reflection high energy elec— 

tron diffraction(RHEED)was located in the growth 

chamb er to monitor the surface cleaning treatment
． Pri— 

or to growth．the substrate was heated to 3o0 c【=in the 

preparation chamb er to desorb water and carbon diox— 

ide on the surface for preventing contamination of the 

deposition chamber．Th en the substrate was transferred 

to the growth chamb er and heated up in the presence of 

amb ient arsenic till the surface oxides were desorbed 

under the monitor of RHEED．The growth temperature 

was 50℃ lower than the desorption temperature
． The 

temperature was measured by a W—Re therm ocouple． 

During growth，the substrate was rotated with a rotation 

speed of 10 rounds per minute to ensure uniform  flux 

distribution which related to composition and thickness 

uniform ity of epilayer．11he arsine was cracked to di— 

meric As2 at 1 000~C by a high pressure cracker
． The 

pressure during layer growth was set to be  2×10。 Torr 

in the deposition chamb er．In order to obtain a desired 

constant Si doping flux for comparison the effect of A1 

mole fraction on donor leve1．the Si．cell temperature 

was fixed at 1200~C during GSMBE growth for all sam． 

pies． 

After growth，the alloy composition of all samples 

was characterized by a Philips X’Pert high resolution 

double—crystal X—ray diffractometer with a Cu Kct1 radi． 

ation source and a Ge fourfold monochrometer
． (0 0 

4)reflections were measured with the high voltage at 
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tat2O(ar~second) 

Fig．1 Double crystal X—ray diffraction rocking curves of A1 

Gal As layers with variation A1 mole fraction．The FWHM 

values for the epilayer(L)with AlAs mole fraction of0．08 

is 21arcsec，and the GaAs substrate(S)of 18 arcsec 

图 1 不同 Al组分的Al Ga As外延层的双晶 x射线衍 

射摇摆曲线．图中 A s摩尔组分为 0．08的外延层衍射峰 

(L)的半高宽为2l弧秒，相应的衬底峰(S)半高宽为 l8 

弧秒．纵坐标 I代表强度 

30kV and the current at 15mA for all the layers．Due 

to the lattice mismatch between AlGaAs layer and 

GaAs substrate is in the order of 10一 ．the measure． 

ment of fu11 strained composition value was chosen as 

the composition in this study．An AMBIOs xP．2 high 

resolution surface profilometer was employed to meas． 

ure the thickness of the layers． The Van der Pauw 

g 

Fig．2 Free electron versus A1 compositionx at 

loom temperature for Si—doped A1 Gal
一  As( =0 to 1)．The 

temperature of Si donor dopant is kept at 1200~C for all A1 

Gal
一  As( =0 to 1)sam ples．It is clearly shown that the e· 

lectron concentration versus A1 mole fraction exhibits an italic 

⋯V’shape．Th e electron concentration dropped from 4×10 

am (A s=0)to 7．8×10。 am一 (AlAs=0．38) 

图2 室温下掺 Si n型Al Ga As( =0 to 1)外延层的自 

由载流子浓度 n与 Al组份 x的关系．GsMBE生长所有不 

同组份的外延层时，si炉温度恒定为 1200~C．图2显示载 

流子浓度随 Al组分的变化呈明显的“ ”形走势．当 Al组 

份从0增至0．38时 ，自由电子浓度从4×10 am 降至7． 
8×1016cm一3 

technique was used to characterize the electrical prop· 

erties of the A1GaAs layers at room temperature though 

a GPIB controlled Hall·effect equipment，and the ohm· 

ic contacts were formed by alloying indium dots． 

2 l suits and discussions 

x··ray diffraction rocking curve is measured on ev·· 

ell A1GaAs layers，as shown in Fig．1．Th e full—width 

at half-maximum(FWHM)of all epilayers is between 

21 arcsec and 38arcsec，and the FW HM of substrates is 

about 1 8arcsec．From Fig．1，it could be seen that， 

with the increase of the AlAs mole fraction，the FWHM 

of the epilayer also increases slightly．However，it still 

keeps at a quite low level，indicating excellent single 

crystal quality and uniform ity in the whole AlAs mole 

fraction range． 

Hall free·carrier concentration of Si·doped A1 

Gal
一  

As epilayers at room temperature as a function of 

AlAs mole fraction were shown in Fig．2．From Fig．2， 

it was clearly exhibited that at the SalTle Si doping flux， 

the electron concentration decreases dramatically from 

4 10埽cm — to 7
． 8 10 cm一 ．while the A1As mo1e 

fraction increases from 0．1 to about 0．4，then rises 

slowly until =1．Fig．3 shows the variation of electron 

mobility with alloy composition measured．Th e mobility 

decreases with increasing AlAs mole fraction of 0< < 

2oo0 

1 8oo 

1 6oo 

1 400 

1 200 

薯1 000 
鼍 800 

6oo 

4oo 

20o 

0 

Fig．3 Hall electron mobility M for Si—dope d n—type A1 Ga 

As versus AlAs mole fraction x at 300 K．Th e mobility decrea— 

ses from 1900 am ／Vs to 100 am ／Vs with the increasing of 

AlAs mole fraction from 0 to 0．38，and thereafter，remains at 

low value around 50 cm ／Vs with little fluctuation till =1 

图 3 Si掺杂 n一型 Al Ga As材料的 Hall迁移率 M随 Al 

组分 的变化．在0< <0．4区间内，随 AlAs组分的增加， 

迁移率从 1900 am ／Vs降到 100 am ／Vs； >0．4时，其迁 

移率维持在 50 am ／Vs左右，变化幅度很小 
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0．4．And for >0．4．the Hall electron mobility re— 

mains low in AI Ga1
．  
As layers．It is noticeable that 

the electron mobility only changes slighdy and inde- 

pendent of AlAs mole fraction when >0．45．where 

the Hall electron nobilities are between 30cm ／Vs and 

6ocm ／Vs． 

Table 1 Bandgap structure parameters【。 and bowing parlMne． 

ters【。 used in Fig
． 4 

表 1 图4中采用的 GaAs，AlAs能带结构参数 m 和弯曲 

系数 

To understand the drop of electron concentration 

in Fig．2，the composition dependences for the direct 

and indirect gaps in A1 Ga1
．  
As were plotted in Fig． 

4．For AIGaAs alloy，the dependence of energy gap on 

alloy composition is assumed to fit a simple 

f0册 [10] 

quadratic 

Eg(ALxGa1． )=姐 (AIAs)+(1一x)Es(GaAs)一x(1一x)C ，(1) 

where the bowing parameter C accounts for the devia- 

tion from a linear interpolation between two binaries A- 

1As an d GaAs．The recommended values of the nonzero 

bowing parameters ii]and the bandgap structure pa- 

rameters[ o]of both bin es used in this studv are lis． 

ted in Table 1．The crossover points are： (L- )=0． 

35，E￡=E =2．04eV， (F-X)兰0．39，E|r=E = 

>  

∞  

Fig．4 F一，L-and X-valley energy gaps E。versus A1 GaI_ As 

compe sitionx．The bandgap structure parameters ‘。 and bowing 

parametersIll】used here are listed in Table 1 ‘ 

图4 A1 Gal-IAs材料的r、L、和 x能谷的带隙 E。随组分 x 

的变化．其中所使用的能带结构参数H叫和弯曲系数¨̈ 列于 

表 1中 

2．05eV， (F-L)=0．41，E|r=E￡=2．08eV．And the 

direct—indirect bandgap crossover is at =0．39． 

Th e valley point in electron concentration is in a- 

greement with the critical AlAs composition of direct- 

indirect crossover for F—X in the A1 Gal
一  

As system． 

A quite similar phenomenon has been reported by Li et 

a1．[12]in the Te doped n．A1GaAsSb system
． where the 

Te incorporation was also dependent on the ban d struc- 

ture of A1GaAsSb distinctly．Th e Hall electron mobility 

decreases almost linearly for <0．4．as predicted by 

theoretical calculations based on a shifted Maxwellian 

approach[13]and a Monte Carlo technique! ]for the 

three-valley conduction ban d mode1．For >0．4．the 

majority of electrons ale in X valley，in which the trans~ 

po rt is dominated by larger electron effective mass． 

3 Conclusions 

W a constant Si dopant tempe rature．more than 

50 samples of A1 G l
一  

As were grown by GSMBE in an 

entire AlAs mole fraction for on a donor incorporation 

study． Accurate alloy compositions were obtained by 

the X．ray measurements．which also indicated exce1． 

1ent quality of epilayers． e electron concentrations 

exhibit strong dependence on the alloy composition of 

AlGaAs with the minimum at ab out =0．4 near the F． 

X direct．indirect band CroSsover． Th e Hall electron 

mobility shows nearly linear dependence on AlAs mole 

fraction for x<0．4．and remains low and only varies a 

litde for higher ． 
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